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Abstract 
P ARAME1RIC ANALYSIS OF A SOLID POLYMER 
FuEL CELL USING CURRENT DISlRIBUTION 
MAPPING 
By MARCUS JASON POITER 
During operation of the solid polymer fuel cell (SPFC). its performance is limited by 
the concentrations of hydrogen and oxygen at the reaction interfaces and in most 
SPFC designs, the hydration state of the membrane. Since in genera~ the 
concentrations of water and the gaseous species vary along the flow channe~ the 
performance is also likely to change along the flow channel. In order to study this 
phenomenon, a measurement system was developed to map the current distribution 
across the electrode surface. 
The current distribution has been measured by dividing one of the current collectors 
into a number of electrically isolated segments. The current flowing through each of 
the segments was measured while maintaining a constant potential across the surface 
of the gas diffusion layer. Two separate segmented current collectors were developed. 
The first was used to measure the current distribution for an 80 cm2 single cel~ and 
the second was used to investigate the local current densities around a single flow 
channel. 
The effects ofthe feed gas humidities on the spatial current density in the 80 cm2 fuel 
cell were investigated for two different membrane-electrode configurations. With 
Nafion 117 as electrolyte and at a cell temperature of 80·C. the membrane was found 
to dehydrate in the initial portion of the gas' flow channel when the relative humidity 
... r· \: . 
of both the hydrogen and ?xygen feed gases was less than 50%. With a Gore-Select 
membrane electrode assembly (hydrogen imd air. temperature- 60·C). the membrane 
" ' 
was sufficiently hydrated.at all feed gas, humidification conditions. The performance 
of the cell was found to deteriorate at higher: feed gas humidities as a result of the 
.", ~ " .. 
lower partial pressures of the reactant gases. , ' 
ii 
Measurements of the effects of gas pressures, stoichiometries and humidities on the 
length-wise and width-wise perfonnance around a single flow channel (Gore-Select 
membrane electrode assembly) are discussed in relation to a gas flow model. 
Hi 
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Chapter 1 
xiv 
1 Introduction 
1.1 What is a fuel cell? 
A fuel cell is a galvanic cell, similar to a battery, which combines a fuel and an 
oxidant electrochemica1ly. The chemical energy of the reaction between the fuel and 
oxidant is converted to electrical energy when electrons involved in the reaction are 
directed around an external circuit. The fuel and oxidant are supplied to individual 
electrodes that are separated by an electrolyte. The electrolyte conducts either positive 
or negative ions but restricts the electrons to flowing around an external circuit 
thereby causing a current to flow. 
The main difference between a fuel cell and a battery is in the way the fuel and 
oxidant are stored. In a battery, the reactants are contained as an integral part of the 
structure. As current is drawn from the battery, these reactants are consumed and 
products of the reaction formed. The effectiveness of the battery i.e. the voltage 
output, is steadily reduced as this reaction continues until either the reactants are 
exhausted or too much of the products are created. The battery is then either discarded 
(piimary battery) or recharged (secondary battery), in which case the reactants are 
regenerated by a process of current reversal and may take several hours to complete. 
In a fuel cell however, the reactants are stored externally and therefore electricity will 
be produced for as long as the fuel and oxidant are supplied to the cell. This means 
that a fuel tank situated at a distance to the fuel cell may be used, which can be 
recharged in a similar manner to petrol or diesel tanks used witli an internal 
combustion engine. 
Many different fuels may. be used in a fuel cell, but the fuels attracting the most 
interest at present are hydrogen, rnethano~ natural gas, petrol and diesel. Hydrogen 
used as a fuel produces the highest performances, whereas the other fuels generally 
have to be reformed to a hydrogen rich gas, either internally in the higher temperature 
fuel cells or externally to the lower temperature fuel cells. The oxidant is usually 
atmospheric air for terrestrial applications, or pure oxygen for high performance cells. 
1 
The virtues of the fuel cell are its simple and efficient operation, its modular 
construction, its low environmental impact, and its reversible operation. The basic 
fuel cell has no moving parts making it extremely reliable and quiet. In practice 
though, pumps are required to maintain the flow of fue~ oxidant and electrolyte. Even 
with this added complexity, the fuel cell system remains simpler than most other 
power producers. 
The fuel cell produces clean D.C. electricity that may be used for a variety of 
applications. To use fuel cells on the National Grid and for many other applications 
the DC electricity has to be converted to AC electricity via power conditioning 
modules. A single cell produces useful power at a voltage of 0.5 to 0.9 Volts when 
operating on hydrogen or a hydrogen rich gas. Most applications require a much 
greater voltage than thiS; which is achieved by connecting many cells in series. 
Therefore adding more cells will increase the power output from the fuel cell system. 
As opposed to the internal combustion engine, the efficiency of a fuel cell is not 
limited by the Carnot cycle. The Carnot cycle states that the theoretical maximum 
efficiency is equal to the difference between the source temperature and the sink 
temperature divided by the source temperature. Since in order to produce power, the 
sink temperature is always less than the source temperature, this efficiency is always 
positive and less than unity. The Carnot efficiency may approach unity either when 
the sink temperature is very low (close to absolute zero) or when the source 
temperature is very high. Due to practical limitations the maximum temperature for 
steam turbines is usually limited to approximately 900K, and assuming an 
atmospheric temperature output this gives a Carnot efficiency of around 65%. With 
the other inefficiencies included, modem thermal power stations (single cycle) have 
efficiencies of I!]: 30 -: 33% (nuclear), 30 - 40% (natural gas), 33 - 38% (coal), and 
34 - 40% (oil). 
Since fuel cells produce power via a unidirectional flow of electrons (which 
represents the direct production of work), the theoretical maximum efficiency at 
standard temperature and pressure of a hydrogen-oxygen fuel cell is around 83% 
when liquid water is produced or 94% when water vapour is produced, (see section 
2 
I 
2.2 for calculations). Actual fuel cells achieve efficiencies between 40 and 60% due to 
irreversible losses in the cells. 
The principle advantage of the fuel cell is its ability to produce zero or very low 
quantities of harmful emissions [2,3,4]. When the fuel used is pure hydrogen, the only 
by-products from a fuel cell are heat and water. If the fuel cell is supplied with a 
hydrogen rich gas from a reformed hydrocarbon, the only pollutants are the 
evaporative losses from the fuel tank, carbon dioxide and small quantities of other 
pollutants from the reformer reaction. Since the fuel cell usually operates at higher 
efficiencies than an internal combustion engine the carbon dioxide produced is 
substantially reduced. The pollutants produced by the reformer reaction are also 
substantially less than produced from an internal combustion engine. 
Fuel cells also have the ability to reverse their operation and become electrolysers 
[5,6,16]. That is, if a fuel cell is supplied with electricity and water, hydrogen and 
oxygen are produced at the respective electrodes. This gives the fuel cell the capacity 
to act as an energy storage device similar to a secondary battery. 
1.1.1 Operating principles 
A fuel cell consists of two porous electrodes that are separated by a solid or liquid 
electrolyte and connected to an external circuit, Figure 1.1. The positive and 
negatively charged electrodes are called the cathode and anode respectively. At the 
anode, the fuel dissociates into electrons and cations. Anions are formed at the 
cathode when the oxidant accepts electrons from the external circuit. Therefore, the 
purpose of the electrodes is to participate in the reduction or oxidation of the oxidant 
and fuel respectively and to conduct the electrons to the external circuit. Appleby and 
Foulkes [I] state that in principle any fuel may be used at the anode that is capable of 
chemical oxidation and similarly any oxidant may be used that is capable of being 
reduced. 
Most fuel cells use either acid electrolytes or alkali electrolytes, which are good ionic 
conductors and good electronic insulators. An acid electrolyte conducts cations, 
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whereas an alkali electrolyte conducts anions. Therefore, when the electrodes are 
electrically connected through an external circuit the potential difference between the 
anode and cathode causes the ions to flow through the electrolyte. 
KEY: 0 Gas Cham bers 
OXidantD ~ Porous Electrodes 
m 0 Electrolyte 
Catalyst 
G Fuel molecules 
G Ox.idant molecules 
G Electrolyte 
Cl Hydroxide ion 
Cl Proton 
10 Water 
Figu re 1-1 Schematic of a generic fuel cell 
Considering an acid electrolyte fuel cell operating on hydrogen as the fuel and oxygen 
as the oxidant, left side of figure 1.1 . Hydrogen is fed to the anode, where it 
dissociates to form protons and electrons. 
Equation 1.1 
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The protons then migrate through the electrolyte to the cathode and the electrons, 
unable to pass through the electrolyte due to its high electrical resistivity, travel 
around the external circuit to the cathode. 
At the cathode, oxygen combines catalytically with the protons and electrons to form 
water according to the fo llowing reaction: 
Equation 1.2 
Therefore, the overall reaction is simply: 
Equation 1.3 
In an alkaline electrolyte fuel cell, right side of figure 1.1 , hydrogen is oxidised at the 
anode according to the following reaction: 
Equation 1.4 
At the cathode, oxygen is reduced to the hydroxide ion, which is then transported 
across the electrolyte: 
Equation 1.5 
The overall cell reaction is again simply: 
Equation 1.6 
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1.2 Different types of fuel cells 
There are many different types of fuel cells depending on the fuel and oxidant used, 
the electrolyte, the temperature of operation, the pressure of the reactants, whether the 
fuel is internally or externally reformed etc. Most fuel cells though, may be put into 
five categories depending on their electrolyte: - polymer electrolyte fuel cell (PEFC), 
alkaline fuel cell (AFC), phosphoric acid fuel cell (P AFC), molten carbonate fuel cell 
(MCFC), solid oxide fuel cell (SOFC) [1 ,2,7,8,9, 10,11 ,12, 13,14,221. Recently, another type of 
fuel cell has been attracting a lot of attention, the direct methanol fuel cell (DMFC), 
which is also based on a polymer electrolyte. Table 1 gives the standard 
electrochemical reactions that occur in each of the fuel cells. Table 2 gives an 
overview of the various fuel cells. A brief description of the principles of operation 
and re lative merits of each of these fuel cell types follows. 
Standard 
Fuel Cell Anodic Reaction C ha rge Cathodic Reaction E lectrode System Carrier Potential 
(@ 25°C) 
Polymer 
E[ectrolyte Fuel H, ~2H' +2.- H' .!.o, + 2 W +2e' ~ H,O 1.229 V 
Cell 2 
Alkaline Fuel Cell ~,+20tr ~2 H,O +2e OH' I 2 0 ' + H,O+ 2e' ~ 2 0H' 1.229 V 
Phosphoric Acid 
.!.o, + 2W + 2e' ~ H,O Fuel Cell H, ~2W + 2e' W 1.229 V 2 
Molten Carbonate H, +CcY,' 
-!. CO;' I Fuel Cell 2 0 ' + co, + 2.- ~CO;' 1.229V 
H,o+Co, + 2e 
Solid Oxide Fuel I 
Cell H, +0" ~ H,O+ 2e' 0 " - 0 , + 2.- ~O', 1.229 V 2 
Direct Methanol CH,OH + H,O 
Fue[ CeU .j. H' 6W + 6e' +1. 0 , ~ 3H,O 1.214 V 2 
6H ' + CO, +6.-
Table 1 E lectrode reactions fo r the different types of fuel cells 
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Cell type, Temperature Application areas Power density 
materials range kW/liter 1'1 KW/kg 1' 1 
Polymer Stationary applications: domestic heat and power (Co-
electrolyte generation) , backup power 
fuel cell 0-100 QC Mobile applications: buses, service vehicles, railway 0.1 - 1.5 0.1 - 1.5 
systems, passenger cars, submarines, ships 
Space and military applications, Battery replacement units 
Alkaline fuel Space applications 
cell 65 - 220 QC Special military applications 0.1-1 .5 0.1 - 1.5 Mobile applications: submarines 
Phosphoric Stationary applications: domestic heat and power, backup 
acid fuel cell 160 - 210 QC power 0.16 0.12 Mobile applications: ra ilway systems 
Molten Stationary appl ications: combined power and vapour 
carbonate 650 QC production, util ity use 
fuel cell - -
Solid oxide Stationary applications: domestic heat and power, 
fuel cell 800 -1000 commercial heat and power, utility use 1-4 1-8 QC Mobile applications: buses, railway systems 
Direct Mobile applications: buses, service vehicles, railway 
methanol 20 - 120 QC systems, passenger cars, submarines, ships - -fuel cell Battery units 
Table 2 Overview of the different types of fuel cells 
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1.2.1 Polymer Electrolyte Fuel Cell 
This type of fue l cell is also commonly known as the solid polymer fuel cell (SPFC) 
(7,8,15,17,18,19,20,2 1,22] A more detailed description of this type of fuel cell follows in 
chapter 2. The electrolyte used in this fuel cell system is usually a sulphonated fluoro-
polymer ion-exchange membrane. This membrane is an extremely efficient proton 
conductor when sufficiently hydrated. In order to maintain the membrane in a 
hydrated state, careful management of the water in the cell is required. Since water is 
usually the only liquid in the cell, corrosion problems are kept to a minimum. 
The electrodes in polymer electrolyte fuel cells are typically gas diffusion electrodes. 
These usually consist of a carbon cloth backing layer made hydrophobic by the 
addition of PT FE, with a platinum based catalyst deposited on the front surface. 
Temperatures of operation are usually limited to a maximum of 90 - 100°C because 
of membrane limitations. Above this temperature, the membrane has a tendency to 
dehydrate faster than water can be supplied to re-hydrate it. This temperature limit is 
also set by the thermal stability and conductivity characteristics of the ion exchange 
membrane (23J. 
The polymer electrolyte fuel cell is usually operated on either hydrogen or a 
hydrogen-rich gas supplied to the anode, and oxygen or air supplied to the cathode. 
Many different carbonaceous fue ls may be reformed to produce a hydrogen rich gas. 
Most interest is presently concentrating on methanol, petrol or diesel as the fuel, 
which is then reformed using either a steam reforming process or a partial oxidation 
process. Polymer electrolyte fuel cells suffer from poisoning of the anodic catalyst by 
carbon monoxide and sulphurous compounds (7] Therefore, the hydrogen rich gas that 
exits the reformer has to be 'cleaned' of these compounds prior to entering the fuel 
cell. The sulphurous compounds are best removed from the fuel before entering the 
reformer, while the carbon monoxide may be oxidised to carbon dioxide using a 
partial oxidation process. 
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1.2.2 Alkaline Fuel Cell 
The alkaline fuel cell uses concentrated potassium hydroxide (30 - 50 wt %) as the 
electrolyte (7.8,24,25,26,27,281. This electrolyte is either circulated through an electrolyte 
chamber, or immobilised in a matrix i.e. an asbestos membrane. A circulating 
electrolyte may be used to remove the waste heat and the product water. An 
immobilised electrolyte layer may be made extremely thin (less than 50 microns (71) to 
reduce the ionic resistance in the cell. The operational temperature of the alkaline fuel 
cell is up to 220°C. 
The reduction of oxygen in alkaline electrolytes is more favourable then in acid 
electrolytes PI. This enables non-noble electrocatalysts to be used, which are less 
expensive than their noble counterparts. Raney nickel containing 1-2% Ti, and Raney 
silver were used as the anode and cathode catalysts respectively by Siemens in their 
alkaline fue l cell system (291. 
One of the main problems with alkaline fuel ce lls is their intolerance to carbon 
dioxide as well as carbon monoxide (71. When an alkaline medium is exposed to 
carbon dioxide, so lid carbonate deposits are formed which block electrolyte pathways 
and electrode pores. Therefore, carbon dioxide has to be removed from both the fuel 
and oxidant supplies before entering the fuel cell. This can be achieved by chemical 
absorption in a tower filled with a carbon dioxide absorbing substance i.e. soda lime, 
or by selective membrane gas separation techniques. This requirement adds to the cost 
and complexity of the alkaline system. However, recent research discounts this 
problem for nickel and silver fuel ce ll electrodes (251. 
When a supply of pure hydrogen and oxygen is available i.e. space and underwater 
applications, the alkaline fuel cell presents some of the most favourable characteristics 
of any fuel cell system. Their high power density and low operating temperature have 
resulted in their use in the V.S. space program (in the Apollo missions and on the 
space shuttle) (27.71. 
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1.2.3 Phosphoric Acid Fuel Cell 
Phosphoric acid is the usual choice for liquid acid fuel cells because it rejects carbon 
dioxide, it can tolerate 1-2 percent carbon monoxide in the fuel stream, and its 
operational temperature of around 200°C enables the waste heat from the fuel cell 
stack to be effectively utilised [1 ,7,8,30,3 1,32] The phosphoric acid fuel cell system has 
been highly developed for distributed power applications, in particular by ONSI with 
the PC25 [4,30J. 
The principles of operation of the phosphoric acid fuel cell are the same as the 
polymer electrolyte fuel cell. This results in the design of the electrodes being similar 
to that of the PEFC, both using mainly platinum as the catalyst on the anode and 
cathode. The phosphoric acid electrolyte ( 100% concentration) is usually immobilised 
in a silicon carbide matrix. 
Hydrocarbon fue ls are commonly used with the P AFC, but they still require external 
reforming before entering the anode gas chamber. 
1.2.4 Molten Carbonate Fuel Cell 
The molten carbonate fuel cell uses an electrolyte consisting of a molten alkali 
carbonate mixture immobilised in a porous lithium alurninate matrix [I,7,8,33,34,35J. As 
can be seen from cell reactions in Table 1, the carbonate ion is transported from the 
cathode to the anode through the electrolyte. Therefore, in order for a MCFC to 
function, carbon dioxide has to be supplied to the cathode. In practical systems this 
can be achieved by either: (1) burning the anode exhaust gas stream to produce carbon 
dioxide and water, and then after condensing the water out, mixing the resultant 
carbon dioxide with the cathode inlet gas stream; or (2) using a 'product exchange 
device' to separate the carbon dioxide from the anode exhaust gas stream. 
The MCFC operates at a temperature around 650°C which enables internal reforming 
of hydrocarbon fuels to be performed. Since water is produced at the anode, this 
product may be combined with a fuel such as methane to produce hydrogen. A 
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suitable catalyst situated in close proximity to the anode catalyst should perform this 
internal reformation. 
As a result of the elevated temperatures non-noble catalysts may be used in the 
MCFC. Typical catalysts consist of Ni with 10% Cr for the anode reaction, and 
lithiated NiO for the cathode reaction. In addition, the operating temperature is high 
enough to produce valuable waste heat, useful for cogeneration, a bottoming cycle or 
a combined heat and power plant. However, the temperature is low enough not to 
produce a significant decrease in the operating efficiency. 
1.2.5 Solid Oxide Fuel Cell 
The solid oxide fuel cell uses a ceramic electrolyte consisting of yttria - stabilised 
zirconia [1 ,7,8,36,37,38]. The SOFC operates at a temperature around 1000 °c and hence 
produces high quality waste heat that may be used to improve the efficiency of the 
power system. This high temperature also eradicates the need for expensive catalysts 
and enables internal reforming of the fuel. 
Conventional SOFC materials are nickel - zirconia cermet for the anode, strontium-
doped lanthanum manganite for the cathode, and Mg or Sr - doped lanthanum 
chromite is used as the interconnecting layer between multiple cells. 
SOFC's are able to attain 96% of the theoretical open circuit voltage as a result of the 
gas crossover and electronic conductivity in the electrolyte being very low. Although 
due to the high temperatures, the theoretical open circuit voltage is about 100 mV 
lower than in the MCFC. 
1.2.6 Direct Methanol Fuel Cell 
The direct methanol fuel cell uses a solid polymer electrolyte bonded to carbon 
electrodes with precious metal catalysts deposited on either side of the membrane 
[39,40,41 ,42,43]. A methanol and water solution is input into the anode chamber, where it 
is converted to carbon dioxide and protons. The methanol solution is recirculated 
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carrymg the carbon dioxide back to the storage tank where it is vented to the 
atmosphere. Oxygen or air is passed through the cathode chamber where it reacts to 
form water. Direct methanol fuel cells can provide high performances when operated 
above 100°C. Power densities of 400 m W/cm2 have been achieved when operating on 
high-pressure oxygen [391. 
Until recently, most research groups used the same polymer electrolyte membranes 
that are used for the polymer electrolyte fuel cell. The disadvantage of these 
membranes is that they allow methanol as well as water to permeate through the 
membrane. Methanol reacts at the cathode to produce carbon dioxide and water, 
thereby reducing the efficiency of the cell. Originally, methanol crossovers as high as 
40% were encountered, but by the use of improved membranes and electrode design 
this has been reduced to 15%. New membranes with even lower methanol crossover 
are currently being developed [401. 
The catalyst that is most commonly used at the anode is platinum/ruthenium. A 
mixture of the electrocatalyst, ionomer and a hydrophobic substance is applied to the 
membrane. The cathode usually consists of pure platinum applied to the membrane 
with the ionomer and hydrophobic substance. 
The advantages of the direct methanol fuel cell over the polymer electrolyte fuel cell 
are the elimination of the reformer, gas clean up and humidifier units, thereby 
simplifying the overall fuel cell system. The direct methanol fuel cell is projected to 
achieve similar system efficiencies, power densities, and energy densities to the 
polymer electrolyte fuel cell operating with reformed methanol. 
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1.3 History of the fuel cell 
More detailed reviews of the history of the fuel cell may be found in references [1,7,53J, 
The invention of the fuel cell is accredited to William Grove, a barrister by 
profession, Through his experiments in the electrolysis of water, Grove realised that 
the process should be reversible to obtain electricity from the reaction between 
hydrogen and oxygen, His cell consisted of two closed glass tubes, one filled with 
hydrogen and the other with oxygen, both immersed in dilute sulphuric acid, The 
glass tubes also contained platinum foil electrodes in contact with the gas and 
electrolyte phases [44J , Encouraged by his initial results, although rather small, he then 
constructed a bank of fifty such cells, Grove showed in a paper published in 1842 [45J 
that he understood the need for three-phase contact between the gas, electrolyte and 
platina. A quote from this paper is: "The chief difficulty was to obtain anything like a 
notable surface of action." Grove then tried to improve the three-phase contact area 
by coating the electrodes with spongy platina. 
The next significant advance in the fue l cell was made by Mond and Langer in 1889 
[46] Their cell was based on Groves original fuel cell, but by using asbestos or plaster 
of Paris to soak up the electrolyte and electrodes made of perforated platinum 
contacting active surfaces of platinum black they were able to greatly enhance the 
three-phase contact area. The cells produced a current density of3.5 mNcm2 at 0.73 
V when operating on hydrogen and oxygen. They also attempted to make the fuel cell 
more practical by using impure hydrogen obtained from coal (Mond gas) and 
atmospheric air although success was limited due to the rapid poisoning of the 
catalyst by traces of carbon monoxide in the Mond-gas. 
Research into fuel cells in the latter part of the 19th century concentrated on the direct 
coal fuel cell. Jacques used molten potassium hydroxide as electrolyte at a 
temperature of 450°C with cylindrical iron pots as cathodes and internal coke rods as 
anodes [47J. In 1895, Jacques built a 1.5 kW battery consisting of 100 of these cells 
producing a current density of 100 mNcm2 at IV. Later Haber and Brunner [48J 
investigated Jacques claims and found that due to the presence of moisture in the 
electrolyte, the carbonate ion and hydrogen were produced at the anode not the 
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oxidation of carbon as originally thought. This direct coal fuel cell was then in fact an 
indirect hydrogen-oxygen fuel cell. 
Baur and Ehrenberg [4 9J also attempted to use coal directly in a fuel cell. They used 
electrolytes at 1000°C consisting of molten salts i.e. potassium or sodium carbonate, 
and molten silver as the cathode and carbon rod, platinum-CO, or platinum-H2 as the 
anode. 
Bacon produced the first practical fuel cell in 1959 after 27 years of development 
[so.sq The electrolyte was potassium hydroxide solution at 200-240°C with porous 
nickel used at both electrodes. This cell produced good performances of 1 Alcm2 at 
0.8V and 0.4 Alcm2 at 0.85 V using pressures of 45 atm for pure hydrogen and 
oxygen. Bacon continued developing his cell until the early 1960s. 
Then in 1960 the first major application for fuel cells was realised. The fuel cells 
characteristics of high efficiency and hence low heat rejection, non-dependence on 
sunlight, ability to operate independently of aerodynamic forces, and ability to 
produce potable water as the product in addition to their relatively high power and 
energy density meant that they were extremely promising as a electrical power source 
for aerospace flights. Recognising these favourable characteristics, NASA funded an 
extensive fuel cell research and development program [S2J. 
The first fuel cell to be used in the space program was the PEMFC, which was 
developed by General Electric. The initial ion-exchange membranes were based on 
sulphonated phenolics and polyvinyls. These membranes suffered from poor 
mechanical strength and the rapid hydrolysis to sulphuric acid. An improvement in 
power density was achieved by using a partially sulphonated polystyrene but the 
membrane life was still only about 200 hours. The next series of membranes were 
based on polystyrene divinylbenzene sulphonic acid supported within an inert 
fluorocarbon matrix. These membranes exhibited lifetimes of about 500 hours and 
hence were used in seven Gemini space missions. Three units, each consisting of 32 
cells generated a total power of 1 kW. 
For the Apollo missions, alkaline fuel cells developed by Pratt & Whitney Aircraft 
Division of United Aircraft Corporation were used. These were based on the original 
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technology developed by Bacon, but to reduce the weight the pressure was lowered to 
3.5 bar. Each stack of cells weighed lOO kg and produced a maximum power of 1.4 
kW at 27-31 V with an average power of 0.6 kW. Three stacks were used on each 
spacecraft. 
For the space shuttle, NASA selected a high perfonnance alkaline fuel cell system 
that was developed by United Technologies Corporation! International Fuel Cells. 
Again, three units were used operating at around 4 bar pressures each giving a 
maximum power of 18 kW and an average power of 12 kW with a weight of23 kg. 
The success of the fuel cells used in the US space program led to the funding by the 
American Gas Association of a nine-year program initiated in 1967 called TARGET 
(Team to Advance Research on Gas Energy Transformation.) United Technologies 
Corporation was the primary contractor and the Institute of Gas Technology, Chicago, 
as subcontractor. The purpose of the TARGET program was to develop household 
and small business fuel cells operating on natural gas. The two main technologies 
were using phosphoric acid fuel cells operating on reformed natural gas and molten 
carbonate fuel cells as a backup technology. The reasons were that gas cost one sixth 
the price of electricity for domestic use and the fuel cell could be operated as a 
combined heat and power plant at an efficiency of 80%. The culmination of this 
project was the testing of 60 experimental 12.5 kW phosphoric acid fuel cells. This 
fuel cell power plant (pC-I I ) consisted of a steam reformer, a stack of phosphoric 
acid fuel cells and an inverter to convert the fuel cells d.c. electricity to a.c. electricity 
for the grid. 
In Japan, research into fuel cells started in the mid 1950s [541. The progress into fuel 
cell development received a major boost with the introduction of the Moonlight 
Project "Large-scale R&D Projects for Energy Conservation", which was 
implemented in 1981 by the Agency of Industrial Science and Technology (AIST) of 
the Ministry ofInternational Trade and Industry. The research mainly concentrated on 
the molten carbonate fuel cell, but also included the phosphoric acid and solid oxide 
fuel cells. Two phosphoric acid fuel cell power plants were installed each giving up to 
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1000 kW. The molten carbonate fuel cell was developed to the stage of generating an 
output of 10 kW in 1986. 
A brief summary of the current development of each fuel cell is given below. 
1.3.1 Polymer Electrolyte Fuel Cell Status 
The Canadian Company Ballard have increased the power density of their fuel cells 
by a factor of about seven since 1990 [22J. Their latest stack [73J delivers a power 
density of over 1000 W / I and 700 W / kg. In the past two years Ballard have 
delivered a fuel cell powered bus to the Chicago Transit Authority for demonstration 
(another two more are scheduled), a 250 kW PEM fuel cell power plant to supply the 
BC Hydro grid in the U.s., as well as many other demonstration units [133] Ballard 
have also worked closely with Daimler Benz to produce the NECAR series of fuel 
cell demonstration vehicles. Ballard have recently received orders from Honda, 
General Motors, Cinergy, and Matsushita for fuel cells ranging from less than 1 kW 
PEMFCs for portable power systems to 250 kW for natural gas powered stationary 
fuel cell power plants. Ballard also formed a partnership with Daimler Benz and Ford 
to develop fuel cell vehicles. 
In Europe, Daimler Benz have produced three vehicles in their NECAR series of fuel 
cell vehicles. The latest NECAR 3 runs on reformed methanol giving it a range of 400 
km. Other PEM fuel cell developers in Europe are Siemens, DeNora, Ansaldo, APS 
and Loughborough University. 
In Japan, Toyota have developed a fuel cell vehicle with a 25kW fuel cell which 
operates on reformed methanol. Other fuel cell developers are Fuji, Mazda, and 
Nissan. 
In the U.S., fuel cell developers include Energy Partners, Allied-Signal Aerospace, H-
Power, and MTI. Energy Partners have developed several fuel cell powered vehicles 
operating on pure hydrogen. 
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1.3.2 Alkaline Fuel Cell Status 
Research on alkaline fuel cells has received very little attention towards terrestrial 
applications in recent years due to their low tolerence of carbon dioxide in the 
oxidant. Notable exceptions are from the Belgium company ZEVCO who are 
supplying alkaline fuel cell powered vans for the borough of Westminster, London, 
and Electric Auto Corporation who plan to manufacture hydrogen/air alkaline fuel 
cells in Alabama, U.S. 
1.3.3 Phosphoric Acid Fuel Cell Status 
Recent research and progress into PAFCs can be found in references [30,31,321. In 1990, 
International Fuel Cells (IFC) and Toshiba formed ONSI as a subsidiary of IFC to 
develop and market phosphoric acid fuel cell power plants. The ONSI 200kW PC25 
FCPP has been sold to over 100 customers, showing an average availability of95%, 
and an accumulated operating time of over one million hours. The latest model the 
PC25 C gives a net AC efficiency of 40% operating on natural gas and produces 
200kW in a footprint of 16.5 square meters. 
In Japan, Osaka Gas has tested 49 fuel cell units with a total power of 6.8 MW 
indicating less than 10% degradation in 40,000 hours operational time. Fuji, Toshiba 
and Mitsubishi are all continuing the development of the PAFC. 
1.3.4 Molten Carbonate Fuel Cell Status 
Recent research and progress into MCFCs can be found in references [33,34,351. A 2 
MW MCFC power plant has been demonstrated in Santa Clara, California by Energy 
Research Corporation. M-C Power has also demonstrated a 250 kW demonstration 
unit at the Miramar Naval Air Station in San Diego, California. Manufacturing 
fac ilities have been established in the U.S. for 2-17 MW/year MCFCs. 
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In Japan, IHI, Toshiba, Mitsubishi, Hitachi and Sanyo are all putting significant 
resources into developing the MCFC. Several 100 kW tests of MCFC power plants 
have been demonstrated and Hitachi and lID plan on testing an external reforming, 
IMW pressurised MCFC power plant near Osaka. 
In Europe, ECN with BG Technology and Ansaldo are developing MCFC stacks. 
1.3.5 Solid Oxide Fuel Cell Status 
Recent research and progress into SOFCs can be found in references (36,37,38] 
Westinghouse has tested a tubular SOFC at IS atmospheres pressure in the U.S. and a 
lOO kW SOFC power plant in Ho lland. They have also completed a 4 MW/year 
manufacturing facility in the United States. 
SOFC developers in the U.S. include ZTEK, Allied-Signal, SOFCO and TMI. ZTEK 
have tested a I kW planar SOFC for several thousand hours. 
In Japan, MID have completed tests on a ID kW tubular SOFC and a 5 kW planar 
SOFC. 
In Europe, Siemens have completed testing of a 20 kW SOFC, and plan a 100 kW test 
in 1998. 
1.3.6 Direct Methanol Fuel Cell Status 
The DMFC is still at the laboratory stage of development, but Jet Propulsion 
Laboratory, Los Alarnos National Laboratory, Giner and Newcastle University in the 
UK have all shown performances of over 300 mAlcm2 at 0.5 V. 
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1.4 Applications and commercialisation of fuel cells 
The intrinsic characteristics of the fuel cell warrant its consideration in many different 
market sectors [8,14,55,56,57,581, Table 3. Each particular fuel cell type has its own 
advantages for each of the particular market sectors. An overview of the application 
areas is given in Table 2. 
A description of each of the main market sectors follows; 
Generation 100 kW to 250 MW 
Electr ic utility 
Remote 
Dispersed 
On-site cogeneration 4kWtolOMW 
Residential / Multifamily 
Commercial / light industrial 
Medium / heavy industrial 
Portable / mobile < I W to 500 kW 
Commercial, portable 
Military, portable 
Underground mining 
Battery replacement 
Vehicular I kWt02.5 MW 
Automotive 
Buses, trucks 
Railway 
Space 
Submersibles, ships 
Table 3 Market opportunities for fuel cells 
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1.4.1 Generation Industry 
The UK relies heavily at present on centralised power stations [140,141). These power 
stations are multi-megawatt in size and often supply whole cities with electricity. The 
quantity of energy production in the UK in 1990 was 2,454 TWh where a terawatt 
hour is 109 k Wh. 
Fuels for this market are mainly oil, coal and natural gas. The quantity of each fuel 
used is represented by 39.1% oil, 30.4% coal 23.1% gas, 6.7% nuclear and 0.7% 
renewables. The application areas for the supply of energy breaks down as 27.4% 
tertiary/domestic, 22.2% transport, 20% industry and 30.4% energy including losses 
in conversion and distribution. 
The power generation technologies currently in use include conventional steam power 
plants, combined cycle gas turbines, nuclear power plants and renewable techno logies 
such as wind turbines and photovoltaic systems. 
Fuel cells operating on natural gas, with their high efficiency and low emissions could 
effectively compete in this market if the cost was reduced to between 700 and 1100 
dollars per kilowatt [1 47]. 
1.4.2 On-site Co-generation and Generation 
Co-generation is the decentralised production of power as well as the production and 
supply of heat (usually in the form of hot water.) This market sector is generally 
defmed as smaller locally sited power generators. There are several categories that 
these power generators may be classed, which are shown in Table 3. These categories 
are defined by the size of the generating equipment. 
The smallest power plants for this market sector is the individual household natural 
gas powered fuel cell power plant. Since the cost of natural gas to the UK public is 
approximately one fifth the cost of electricity, installing natural gas powered fuel cells 
into homes may prove cost effective in the near future . The peak electricity 
requirement for the average home is around 12 kW. Therefore, a 12 kW fuel cell 
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could provide the necessary power and heat requirements during peak times, and sell 
the excess electricity to the national grid during off-peak times. An alternative is to 
install a 0.5 kW fuel cell and store the off-peak electricity in batteries for use during 
the peak electricity requirements. 
Another possibility is the installation of 100 kW to 1000 kW natural gas powered fuel 
cells to power whole streets or areas of houses. These sizes of fuel cell power plants 
would also satisfY the power and heat requirements of the small industrial sector. 
Finally, the 1 to 10 MW sizes of fuel cell power plants would satisfY the needs of 
heavy industry and whole towns. 
1.4.3 Portable and Mobile 
The portable and mobile market sectors are generally low numbers of unit sales at a 
high price, with the exception of battery replacement fuel cells « 1 kW). Units in this 
sector can range in power output anywhere up to 500 kW and up to $30,000 per 
kilowatt [81. Fuels considered for these applications are usually hydrogen and 
methanol, with the hydrogen storage or the methanol reformation the main technical 
challenges. 
The US and UK military has identified several niche markets for the fuel cell due to 
its high energy storage density, silent operation, and high power density [60.6 1.621. 
Power requirements for communications and electronics equipment, which require up 
to 15 watts of peak power, may be satisfied by the SPFC or the AFC fuel cells with 
suitable hydrogen storage media. Another application is for pulse power devices such 
as laser designators or the electrothermochemical gun, which requires an extremely 
high power density. Finally the portable soldier system, which requires a 72 hour 
autonomous mission supplying nearly 4800 watt hours with a mass of 4 kg, 
achievable only with a small internal combustion engine at present. With significant 
development, a self-contained fuel cell system has the capability of achieving these 
stringent requirements. 
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The domestic battery market is also an area where fuel cells may find popularity. 
Small batteries are used in many applications such as TV NCR remote controls, 
smoke alarms, portable computers and mobile phones etc. This market represents total 
sales of 465 million units at a total cost of £417 million in the UK in 1996 [63 J. 
Therefore, small SPFC or AFC with hydride packs may enter this market with the 
advantage of the hydride packs being refillable with hydrogen. 
1.4.4 Vehicular 
The vehicle market sector encompasses power requirements from I kW up to 2.5 
MW. Typical vehicular applications include small remote controlled vehicles, cars, 
buses, trucks, space vehicles, trains, ships and submarines. Each ofthese vehicles has 
different requirements for the power system and fuel types. 
For fuel cells to be able to compete with the internal combustion engine in the low 
end of the market (i.e. cars), they would have to be available for less than $50 per 
kilowatt for the stack [123J . 
The fuels used in commercial vehicles at present are mainly limited to petrol and 
diesel. For fuel cells, methanol and natural gas are being considered as well as petrol 
and diesel. In the high temperature fuel cells, these fuels may be supplied directly to 
the fuel cell with the reforming process taking place inside the fuel supply 
compartment of the fuel cell. In the low temperature fuel cells, an external reformer is 
required. These issues will be discussed further in chapter 1.5. 
1.5 Fuel types, processing and storage 
Fuel cells present ly require hydrogen-containing fue ls in order to achieve acceptable 
performances. These fuels do not necessarily have to be pure and may be derived 
from a variety of sources. Potential sources include natural gas, petrol, diesel, 
methanol and ammonia. 
For the high temperature fuel cells (MCFC and SOFC) these fuels may be supplied 
directly to the fuel cell where internal reforming of the fuel can take place in the 
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anode chamber. However, sulphurous compounds still have to be reduced to a level 
that doesn't significantly poison the catalyst. 
For the low temperature fuel cells (SPFC, AFC, and P AFC) the reforming process 
must take place externally to the fuel cell. As well as sulphurous compounds, carbon 
monoxide has to be reduced before entering the fuel cells. This is usually achieved by 
a selective oxidation or membrane separation process. 
Although all these different fuels may be used in conjunction with fuel cells, pure 
hydrogen still produces the highest performances when supplied to the fuel cell. 
1.5.1 Hydrogen storage 
One of the greatest difficulties in producing a pure hydrogen powered fuel cell is the 
safe and efficient storage of hydrogen. The hydrogen storage problem is a result of 
hydrogen having the lowest density of all gases. Hence, most hydrogen storage 
systems are considerably heavier and/or larger than their petrol / diesel counterparts. 
Table 4 shows a comparison between five different types of hydrogen storage 
systems, along with a typical gasoline storage system [9,64,65J. 
Liquid hydrogen storage has the closest storage density to gasoline, but the storage 
conditions are extreme, requiring a temperature of 20 K at a pressure of 2 bar. The 
storage tank needed for these extreme conditions is typically a double-walled, super-
insulated vessel that limits the evaporation to less than 2% per day. One major 
disadvantage of liquid hydrogen storage is the energy intensive liquification process, 
which requires an energy equivalent to 40% of the heating value of the hydrogen. 
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Storage Systems Volumetric Mass Specific Volumetric Mass Specific Storage Storage Energy Energy 
Capacity Capacity Content Content 
(g H,I il (g H, I kg) (kWh 11) (kWh I kg) 
Gasoline 
- -
9.45 11.03 
Compressed gas vessel (25 
Mpa) 
(F~II comoosite materials) 17.5 64 0.6 2.15 
Liquid Hydrogen 35 105 1.2 3.5 (20 K) 
Metal hydride - today 80 10 2.7 .35 (room tern perature) 
Metal hydride - future 
>160 20 - 25 >2 >0.7 (room temperature) 
Sponge iron ca. 65 ca. 35 1.4 0.7 
Graphite nanofiber (Laboratory) 450 430 15 14 (Without tank) 
Table 4 On-board hydrogen storage comparison 
Metal hydride storage systems use the principle that hydrogen is readily absorbed in 
metals, forming a weak chemical bond. For hydrogen to be released from the hydride, 
- it iSheated with the rate of desorption increasing with temperature. The charging of a 
hydride system requires moderate temperatures and a supply of pressurised, high 
purity hydrogen «10 ppm impurities.) A metal hydride system is one of the safest 
methods of storing hydrogen. 
Compressed gas storage systems represent one of the simplest methods of storing 
hydrogen. As seen in Table 4, a compressed hydrogen tank at a storage pressure of25 
MPa weighs approximately twice that of a liquid hydrogen storage system and 
occupies more than twice the volume. If the storage pressure is increased, then the 
tank weight increases due to the requirement for a stronger storage vessel, and the 
tank volume decreases. For higher storage pressures, more energy is required to 
compress the hydrogen. 
Other methods of hydrogen storage are superactivated carbon storage and glass 
microspheres. Superactivated carbon storage involves adsorbing hydrogen onto a 
carbon surface at a temperature of 150K and a pressure of 55atm [149] . Storage 
densities of up to 9.6 wt % have been claimed [149] using specialist carbons. 
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An extremely promising storage density has been claimed by researchers at 
Northeastern University in Boston [661, who claim a storage density of 75 wt % using 
graphite nanofibres. This could lead to a range of up to 8000 km for fuel cell powered 
electric vehicles of the future. 
G lass or plastic micro spheres store hydrogen using the principle that the micro spheres 
can be impervious at ambient or low temperatures and porous at elevated 
temperatures. Storage densit ies of up to 42 wt % have been claimed for quartz 
microspheres [1501 using this hydrogen storage technology. 
1.5.2 Alternative fuels and their reformation 
Table 5 shows a comparison of the volumetric and gravimetric energy of various fue ls 
that are being considered for use with fuel cells. From these figures, it can be seen that 
the volumetric and gravimetric storage density of gaso line can only be approached 
with liquid fuels such as diesel or methano l. Although the gravimetric storage density 
of the gases is greater than that of gasoline, the storage vessels require bulkier walls 
resulting in similar storage weights. 
Although it is possible to use non-hydrogen fuels directly with the high temperature 
fuel cells, processing of these fuels is required for use with the low temperature fuel 
cells. This fuel processing involves reforming the fuel into a hydrogen rich gas, 
followed by reduction or elimination of any reformate products which may poison the 
fuel cell. There are two main types of reforming process; I) Steam reforming, which 
reacts the hydrocarbon fuel with steam over a catalyst and 2) Partial oxidation, which 
incompletely burns the hydrocarbon fuel in oxygen or air. 
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Fuel/Storage Fuel Energy Density Fuel and Containment 
Energy Density 
MJ/kg MJ/mJ MJ/kg MJ/mJ 
Petroleum, liquid 44.0 34,800 39.7 34,000 
Methanol , liquid 23 .0 16,662 19 16,000 
Diesel , liquid 42.0 34,920 38.1 34,100 
LPG 46.4 93,240 41.6 87,700 
Ammonia , liquid 19.4 11 ,640 - -
20 MPa 50.0 9,288 - -
Natural 
30 MPa 50.0 12,168 - -
Gas 
Liquid 50.0 20,880 - -
Table 5 Fuel energy density comparison 
Steam reformation is an endothermic reaction which requires heat input from either 
the combustion of a portion of the fuel or an electrical heater. For the reformation of 
methane, the main constituent of natural gas, the reaction is performed around 815°C 
with pressures up to 3.5 Mpa [q The products of this process consist of hydrogen, 
water, carbon monoxide, carbon dioxide and unreacted methane (48%, 32%, 12%, 7% 
and I % by vo lume respectively). In order to protect the catalysts in the reformer the 
sulphur compounds have to be removed from the fuel before being fed to the 
reformer. For the reformation of methanol, a temperature of 280 - 300 °C is used to 
achieve high conversion rates [I] The dry products produced from this reaction are 
hydrogen, carbon dioxide and small amounts of carbon monoxide (75%, 24% and 1% 
by volume respectively) . 
Partial oxidation is an exothermic process which results in poor thermal efficiencies 
since the waste heat in the reformate gas stream cannot easily be used. For the 
reaction with methane, the process is carried out around 875 - 975 °C producing 
hydrogen, carbon monoxide, carbon dioxide, nitrogen and unreacted methane in the 
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reformate (14%, 19%, 3%, 60% and 4% by volume respectively) [11. Overall the 
partial oxidation process produces about one third as much hydrogen that the steam 
reforming process does. 
1.6 Political and environmental aspects relating to energy 
production 
In the first part of the industrial revolution, power was mainly provided by windmills 
and watermills. However, the widespread use of coal in the mid-eighteenth century 
led to huge progress in machinery operation and in transport to and from the factories 
using coal powered steam trains. With the development ofthe automobile in the fust 
part of the twentieth century, the petrol powered internal combustion engine began to 
take over the domination of the coal-powered steam engine. 
The oil crisis of 1973·4 increased concern over the reliance of the Western world on 
fossil fuels. The main worry was with the limited supply of the coal, oil and natural 
gas and what the resultant effects would be on society when they ran out. Awareness 
of the environmental impacts of using these fossil fuels also began around this time. 
These concerns resulted in a range of new technologies being investigated e.g. 
renewable energy, nuclear energy etc. 
Concerns about the environment started in the UK in the 1950s after a series of 
disastrous smogs in London, which resulted in many deaths. This initiated the 1956 
Clean Air Act, which limited the use of coal in open grates in urban areas. Another 
important issue was that of acid rain, produced from the sulphurous and nitrous 
compounds from the emissions of power plants. These compounds produce weak 
sulphuric and nitric acid respectively, which can damage trees, wildlife and fish. 
The increasing levels of carbon dioxide in the atmosphere were also of major concern. 
The carbon dioxide and other greenhouse gases travel up into the upper atmosphere 
where they allow the suns rays to pass through but stop the radiation of heat, similar 
to glass in a greenhouse. This leads to global warming, which if excessive is likely to 
upset the natural balance of the earth. 
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The emissions of a fuel cell operating on methanol compared to European emission 
standards and a gas turbine are shown in figure I -2. It may be seen from this graph 
that the emissions produced by a fuel cell are several orders of magnitude lower than 
the European standards and the carbon monoxide emissions are far lower than that 
produced by a gas turbine. Therefore, the introduction of fuel cells into the power 
generation market in addition to the vehicular market is likely to significantly improve 
the quantity of pollution entering the atmosphere. 
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Figure 1-2 Emissions standards compared to emissions from a fuel cell 
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Chapter 2 
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2 The Solid Polymer Fuel Cell 
2.1 Description 
Typically, a solid polymer fuel cell consists of a Membrane-Electrode-Assembly 
(MEA) which is surrounded by two current collectors, figure 2-1. The current 
co llectors generally have gas channels formed into the plate surface and perform the 
functions of supplying the reactant gases to the cell, removing the product water via 
the gas channels, and conducting the current through the cell. 
Hydrogen 
Hydrogen Out~-" 
r--- Current Collectors 1 "~low field plaitS 
Gas Diffusion 
Membrane 
Electrode 
Asstmblv 
~ 
Figure 2-1 Schematic ofa Solid Polymer Fuel Cell 
Oxygen Out J 
The heart of the SPFC, the MEA, is comprised of an anode and a cathode separated 
by a proton conducting membrane. A catalyst layer is dispersed on both sides of the 
membrane to facilitate the electrochemical reaction. Gas diffusion layers are usually 
incorporated between the electrodes and the current collectors to improve the 
transport of the reactant gases to the catalyst layer. 
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In the hydrogen-oxygen fuel cell, hydrogen is supplied to the anode where it splits 
into electrons and hydrogen ions (protons). The electrons flow around the external 
circuit due to the potential difference between the two electrodes, while the hydrogen 
ions migrate through the membrane. Oxygen is then supplied to the cathode where 
each atom accepts two electrons from the external circuit and two protons from across 
the membrane to form pure water. This reaction proceeds for as long as electrons can 
flow around the external circuit, and fuel and oxidant are supplied to the anode and 
cathode respectively. 
When this project started, the most common proton conducting membrane for SPFCs 
was Nafion™ 117 produced by DuPont. The first two digits denote the equivalent 
weight x lOO (see p40 for description of equivalent weight), and the final digit refers 
to the thickness of the membrane in thousandth of an inch. Therefore, this membrane 
has a thickness of 175 microns when dry, increasing to 200 microns when fully 
hydrated (67). There are several other 'experimental' membranes that are being 
considered for SPFCs (68), Nation 112 and liS are thinner versions of Nation 117 at 
SO and 100 microns respectively, Nation 105 has a different polymeric structure with 
a lower equivalent weight and a thickness of 120 microns. Other membrane 
developers include Dow, which produce a membrane of equivalent weight 800 and 
thickness 100 microns, Asahi Glass, which produce the Aciplex S membrane of 
equivalent weight 1000 and thickness 120 microns. Finally, W.L.Gore & Associates 
have recently introduced a membrane designated GORE-SELECT (67) which has 
thickness' from 5 to SO microns and an equivalent weight of 900. These membranes 
are fluoroionomer membranes reinforced with woven PTFE and as such can be made 
much thinner without losing their structural integrity. 
The gas diffusion layers (GDLs) in SPFC's are generally made from carbon paper or 
cloth that is made significantly hydrophobic by the incorporation of PTFE into their 
structure. The porosity and hydrophobic nature of these GDLs are vital to the efficient 
transport of the reactant gases and water in the fuel cell. These GDLs tend to have 
thickness' in the region 200-450 microns. 
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The catalyst, which is commonly platinum supported on carbon is either deposited on 
the surface of the membrane or the electrode. The gas diffusion layers are then 
pressed against the catalyst to form a good electrical contact. The catalyst layer may 
be as thin as 4 microns [711, but usually has a thickness of 50 - 100 microns. 
The current collectors are usually either graphite or metal plates that are fitted with 
gas distribution channels or a porous substrate such as steel gauze [69] or porous 
graphite [701. 
2.2 Thermodynamics of the SPFC 
A fuel cell directly converts the free-energy change of a reaction into electrochemical 
energy. Therefore, the Gibbs free energy change (IlG) may be expressed by the 
equation; 
flG = -nFEr 
Where, 
Er = reversible cell potential 
n = number of electrons transferred in reaction 
F = Faraday constant (96487 C/mol) 
For the fuel cell reaction, 
Equation 2.1 
Equation 2.2 
the Gibbs free energy change under standard conditions (T = 25°C, P = 1 bar, water in 
liquid state) is -237.2 kJ/mol. Since the number of electrons transferred in equation 
2.2 is 2, substituting into equation 2.1 gives the reversible potential at standard 
conditions as 1.229 Volts. 
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The following expressions show the effects of temperature and pressure on the 
reversible potentia~ 
Er = E; - (f1n)RT In P 
nF 
where, 
Equation 2.3 
Equation 2.4 
f1n = change in the number of gas molecules during the reaction 
f1S = change in entropy during the reaction 
For the reaction shown in equation 2.2, ~n is - 3/2, and ~s is equal to - 39 J Klmorl . 
Therefore, an increase in temperature causes the reversible potential to decrease 
whereas an increase in pressure causes the opposite effect. 
The ideal efficiency of a fuel cell, assuming all the free energy change is available as 
electrical energy, can be expressed as, 
Equation 2.5 
At 25°C, and I bar pressures the molar enthalpies of reaction and the Gibbs free 
energy change are equal to : -
AU a _ 
U"-' 298 -
- 285.8 kJ / mol ~ H20(liq) 
-241 .8 kJ / mol ~ H20(vap) 
-237.2 kJ / mol ~ H20(liq) 
-228.6 kJ / mol ~ H20(vap) 
This gives ideal efficiencies of 83% for water produced in the liquid form and 94.5% 
for water produced in the vapour form. 
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2.3 Polarisation aspects of the SPFC 
For a fuel cell to produce any useful work, current must be drawn from the system. 
When a current is drawn from the fuel cell, there is a corresponding drop in the cell 
potential due to irreversible losses. These losses are often referred to as polarisation, 
overpotentia] or overvoltage. Several sources of overpotentials occur in a practical 
fuel cel.!, which can be categorised with reference to figure 2-2. This graph shows a 
typica l polarisation curve for a fuel ce ll. When the cel.! is producing zero current, the 
cell potential is often called the open circuit potential. This potential usually differs 
from the reversible cell potential due to alternate reactions occurring as a result of 
impurities and corrosion in practical fuel cells. At low current densities (1-100 
rnNcm2) the overpotential losses are mostly attributed to the activation overpotential. 
This type of overpotential is caused by slow electrochemical reaction kinetics. As the 
current density is increased (100-1000 rnNcm2) the process is limited by the ohmic 
resistances in the cell. Above these current densities, the mass transport limitations of 
supplying the reactant gases to the catalyst sites and removing the reaction product 
from the catalyst sites becomes the dominating factor. 
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Figure 2-2 Polarisation curve for a typical solid polymer fuel cell 
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Figure 2-2 shows half-cell polarisation curves fo r a typical so lid polymer fuel ce ll. It 
may be seen from this graph that the overpotential from the hydrogen electrode 
increases linearly up to 2 Ncm2 This hydrogen electrode overpotential is only a small 
contribution to the overall cell overpotential, equating to a 20 mV drop at 2 Ncm2• 
However, the oxygen electrode exhibits a polarisation that is very similar to the 
overall cell polarisation, only significantly departing from the cell polarisation curve 
at high current densities. Therefore, it may be deduced fro m these half-cell 
polarisat ions that the hydrogen oxidation process is much more rapid than the oxygen 
reduction process. 
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Figure 2-3 Half cell polarisation curves for a typical solid polymer fuel cell 
An explanation for this behaviour is that the hydrogen oxidation reaction invo lves the 
breaking of a single hydrogen bond, followed by the transfer of two electrons per 
mo lecule. Whereas, the oxygen reduction reaction invo lves the breaking of a double 
bond fo llowed by the transfer of fo ur electrons per molecule. This results in an 
exchange current density fo r the hydrogen reaction being 5-6 orders of magnitude 
greater than that fo r the oxygen reaction. 
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Activation Overpotential 
The activation overpotential is affected by the electrode material, the ion-ion 
interactions, ion-solvent interactions and the constitution of the electric double layer 
at the electrode-electrolyte interface. Improvements to the activation overpotential 
may be made by increasing the temperature of the cell, increasing the electrochemical 
activity of the electrode with suitable catalysts, and by increasing the active surface 
area of the electrodes. 
Resistance Overpotential 
The ohmic resistances in a solid polymer fuel cell are affected by the following 
elements: 
1. The ionic resistance of the solid polymer electrolyte 
11. The electronic resistance of the electrodes 
111. The charge transfer resistance of the hydrogen electrode 
IV. The charge transfer resistance of the oxygen electrode 
v. The resistance contributions from other components of the fuel cell (gas 
diffusion layers, current collectors) including the interfacial resistances. 
VI. Any contributions to mass transport resistances 
Mass transport overpotential 
The mass transport overpotential, which is also called concentration polarisation, is 
caused by diffusion limitations of the reactant gases reaching the active catalyst sites. 
This may result from too Iowa porosity of the gas diffusion layer or electrode, a 
restriction in the gas flow, or a build-up of water around the catalyst sites, thereby 
reducing the concentration of reactant gases at the electrode. 
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The polarisation curve may be modelled by a suitable empirical equation[721. This 
equation takes the form, 
E = Eo - b log i-Ri - m exp (ni) Equation 2.6 
Equation 2.7 
Where, 
Eo is the open circuit potential for the cell 
Er is the reversible potential for the cell 
b is theTafel constant (relating to the activation overpotential region) 
io is the exchange current density 
i is the cell current (usually expressed in tenns of electrode area) 
R is the overall ohmic resistance of the cell 
m is the linear constant of the mass transport term 
n is the exponential constant of the mass transport term 
2.4 Performance issues 
In order for SPFC's to become commercially viable, their performance has to compete 
with present day power technologies (except for niche markets) and other types of 
fuel cells. One method of comparing performances is by comparing the power 
densities of the respective technologies. The gravimetric power density represents the 
power to weight ratio and the volumetric power density represents the power to 
volume ratio. Table 6 shows the power densities of several present-day technologies. 
When comparing the power densities of different power technologies, the whole 
system should be taken into account. Therefore for the internal combustion engine, 
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this includes the engine itself, the gearbox, the drivetrain, and the cooling ancillaries. 
For a SPFC, the system includes the fuel cell stack, the motor and controllers, the 
reformer and gas cleanup unit (if hydrocarbon fuels are used), the cooling system, and 
any fuel cell ancillaries such as humidifiers and compressors. These auxiliary 
components usually add more to the system size and weight than the stack itself 
When assessing the performance of single cell SPFCs, a more common term used is 
the maximum current density (i.e. 1.5 Alcm2) , or the current density at a particular 
voltage (i.e. 1.0 Alcm2 at 0.6 volts). As the current required by the external circuit is 
increased, the voltage decreases according to the cell polarisation curve, as described 
in section 2.3. 
Power system Gravimetric power density Volumetric power density 
(W I kg) (W /I) 
SPFC stack 700 [fjJ 1000 l /jJ 
SPFC system 170 1I4 J -
Formula I engine 4,100 If)J 4,200 lI' J 
Two-Stroke Internal 
1600 [76J Combustion Engine -
(Orbital OCPX series) 
Four-Stroke Internal 800 [76J Combustion Engine -
(GM Quad-4) 
Gas Turbine 1500 [76J 
-(Williarns WTS34-16) 
Table 6 Power density comparisons 
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2.4.1 Polymer electrolyte membrane 
The polymer electrolyte membrane, which is also known as the solid polymer 
membrane, ion exchange membrane or proton exchange membrane performs the 
function of conducting the protons from the anode to cathode. A good polymer 
electrolyte membrane will have the following properties [68,79): 
• High ionic conductivity (> I 0 S/cm2 and >0.1 S/cm) 1 
• Extremely low electronic conductivity 
• Low permeability to gases 
• Dimensional stability (resistance to swelling) 
• High mechanical strength (resistant to tearing and puncturing) 
• Minimal water transport 
• High resistance to dehydration, oxidation, reduction and hydrolysis 
• High cation transport number 
• Surface properties allowing good catalyst bonding 
• Low rates of degradation 
The ionic conductivity and thickness of the polymer electrolyte membrane has a 
significant effect on the performance of the fuel cell [68,78,79,80,81 ,82] Figure 2-4 shows 
the maximum power density that is achievable for a membrane with a particular 
conductivity and thickness. This graph uses the model for fuel cell performance that is 
given in equation 1.12 to calculate the maximum power density on air using typical 
values for the constants. (Eo = 0.955V, b = 59.8mV, R:.11 = O.l22n/cm2) The R:.11 
value doesn't include the membrane resistance, but includes the resistances from the 
other cell components. Therefore, this simplified model assumes that all the other 
components in the cell are the same. 
I The conduClance (SlCIn') is !he conduClivity (SlCIn) di vided by the membrane !hickness 
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Figu re 2-4 Effects of membrane characteristics on a typica l solid polymer fuel 
This graph shows that at low membrane conductivities, a large gain in performance 
can be achieved by reducing the thickness of the membrane. However, as the 
membrane's conductivity is increased there is a diminishing return in performance 
improvement by reducing the thickness of the membrane. 
The most common polymer electrolyte membrane for SPFCs is Nafion™ [77), which is 
produced by E. I. DuPont de Nemours. This membrane is based on a perfluorinated 
sulphonic acid polymer. The acid concentration in Nafion™ is fixed by its molecular 
structure and is categorised by its equivalent weight (EW). The equiva lent weight 
defines the ratio of the weight of the dry polymer to the number of sulphonic acid 
groups, which for commercial Nafion™ is equal to 1100. Many of the important 
properties of polymer electrolyte membranes can be related to the equivalent weight. 
Generally, a lower equivalent weight membrane produces higher cell performance for 
a particular thickness of membrane. Table 7 shows various properties of several 
developmental polymer electrolyte fue l cell membranes. 
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Membrane Name Nominal Equivalent Conductance Water 
Thickness Weight (S/cm2) Content 
(microns) (g/mol) (%) 
Nation 117 175 1100 5 34 
El DuPont Nation 112 50 1100 20 34 
de Nemours Nation 115 100 1100 6 34 
Nation 105 125 1000 8 -
Dow Chemicals - XUS13204 125 800 9 54 
Asahi Chemical - Aciplex S 120 1000 9 43 
1004 
Asahi Glass - Flemion S 80 1000 10 40 
Ballard Advanced Materials - 150 470-420 - 91-145 
BAM3G 
20 1100 26 32 
W L Gore & Associates -
12 900 80 43 
Gore Select series 
5 1100 56 32 
Dais Corp. - Dais 585 75 1000-580 9-12 300 
Paul Scherrer Institute, 78 720 12.5 68 
Switzerland 
Cranfield University, UK 50 662 33 75 
Cranfield University, UK 50 447 33 76 
Table 7 Various properties of polymer electrolyte fuel cell membranes (68( 
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2.4.2 Water dependence of PEM 
An important characteristic of most polymer electrolyte membranes is that many of 
their properties are greatly influenced by the membrane' s hydration state 
[83,84 ,8l ,86,87,88,89,9O]. Indeed, one of the most important characteristics is that the 
conductivity of most PEMs is directly related to their water content. In Nation 117 for 
instance, this relation is approximately proportional [83] resulting in a specific 
conductivity of 0.10 S/cm at 22 moles of water per equivalent of polymer, then 
decreasing to zero S/cm when the water content of the membrane approaches zero. 
Therefore, the membrane must be maintained in a sufficiently hydrated state without 
causing an accumulation of water around the active catalyst sites, thereby restricting 
the passage of reactant gases to these catalyst sites. 
There are two main transport processes of water through a PEM, electro-osmotic drag 
and diffusion due to water concentration gradients. The electro-osmotic drag denotes 
the migration of hydrated protons from the anode to cathode. The number of 
molecules of water transported with each proton has been reported by different 
authors to vary anywhere from zero up to four for differing membranes and cell 
conditions. The result of the electro-osmotic drag of water from anode to cathode in 
addition to the water production from the oxygen reduction reaction is an 
accumulation of water near to the cathode. This effect causes a concentration gradient 
to build up. 
Since most PEMs have reasonable water diffusion characteristics, the diffusion of 
water from cathode to anode opposes the electro-osmotic drag and hence decreases 
the concentration gradient across the membrane. Zawodzinski et al [83] measured the 
quantity of water that was collected at the anode and cathode exits both under load 
and at open circuit, to produce a water balance on the cell. The results of the water 
balance indicate a net water flux of 0.2 H20 per proton (H2 and O2 stoichiometries of 
1.62, 1 atm pressures, temperature 80°C, and approximately 100% RH on both inlet 
gas streams.) Therefore, the back-diffusion is a significant process in the water 
transport through the membrane. Recently [91], further research has indicated that the 
back-diffusion is in fact the dominant process in membrane water transport. This 
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paper shows that an increase in the hydrogen stoichiometry produces an almost linear 
increase in the percentage of water removal from the anode gas stream, whereas an 
increase in the air stoichiometry produces a negligible effect on the percentage of 
water removed at the anode. This principle has also been reported recently to help 
improve stack performance [92,931. By operating at high hydrogen stoichiometries and 
removing the majority of the water from the hydrogen gas stream, low air 
stoichiometries may be used without significant detriment to performance. This 
means that lower losses are encountered in recovering the energy from the pressurised 
cathode exhaust stream, thereby improving the efficiency of the fuel cell system. 
Another effect of the hydration state of a polymer electrolyte membrane is on its 
physical dimensions [671 . A membrane such as Nation 117 may shrink by around 10% 
upon dehydration. As most designs of fuel cell use a gasket to hold the membrane in a 
fixed position, this shrinkage can result in excessive stresses being induced into the 
membrane causing tears or holes to occur. 
2.4.3 Methods of humidifying the membrane 
Most of the polymer electrolyte membranes give the lowest resistance when supplied 
with additional water, along with the water produced at the cathode. This additional 
water can be supplied by one of two methods [941, internal to the stack, and external to 
the stack. Internal methods mainly involve humidifying the reactant gases before 
entering the active part of the fuel cell. A 'Dummy cell' is most commonly used, 
which consists of separate chambers for gas and water with a water permeable 
membrane sandwiched between them. Another method of internal humidification is 
by the use of water flow channels in the membrane. This method allows direct 
humidification of the proton exchange membrane, while allowing the use of 
completely dry inlet gases. A third method of internal humidification is by injecting a 
fine water mist into the gas manifolds of the fuel cell stack. This method enables 
accurate control over the quantity of water that is injected, and is a fairly volume 
efficient method for humidification. The final method of internal humidification is the 
use of hydrophilic microporous bipolar plates with internal cooling channels. With 
careful control of the pressures within the stack, the water produced at the cathode 
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may be drawn into the water cooling channels and the water from the cooling 
channels may be drawn into the anode chamber to humidify the fuel. 
The main types of external humidification methods are the sparger, the 'dummy cell', 
and using water permeable tubes. The sparger involves passing the inlet gases through 
a volume of heated water. The gases exit the water at a humidity that is dependent on 
the temperature of the water and quantity of water through which the gas passes. 
These humidifiers tend to be extremely bulky, as the contact time required for 
sufficient humidification is relatively large. The 'dummy cell' is the same as 
described above except the external location enables more careful control of the 
q'uantity of water that is transferred to the gas streams. Finally, the water permeable 
tubes have a large area of evaporation over which the water may be transferred into 
the gas streams, enabling space efficient systems to be built. These water permeable 
tubes may also be used for transferring the water contained in the exit gas streams into 
the inlet gas streams, thereby making the humidification process more efficient. 
All these methods of humidification add cost, weight and complexity to the fuel cell 
system. Therefore, ideally the fuel cell should be operated on dry inlet gases using the 
water produced at the cathode to humidify the membrane. There are several different 
methods for this simplification of the fuel cell system. Firstly, by careful control of 
the conditions in the cell 1951 and by operating the cell in a counter-flow configuration 
the water may be made to flow from the well-humidified regions of the cell to the 
under-humidified regions. Secondly, using ultra-thin membranes mostly with a 
supporting mesh, the diffusion rates of water through the membranes may be 
increased. This leads to a significant improvement in the water management in the 
fuel cell, and the ability to operate on dry inlet gases. Finally, membranes are being 
developed which exhibit less susceptibility to dehydration 1961. These membranes have 
an electro-osmotic drag coefficient that approaches zero, and hence the water 
produced at the cathode is sufficient to maintain membrane conductivity. 
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2.4.4 Electrode 
For the purposes of this discussion the electrode is considered to be the layer of the 
MEA that contains the catalyst, the gas diffusion layer is considered separately. In 
order for a fuel cell to operate, the polymer electrolyte membrane, the electrocatalyst 
and the gaseous reactants must all be inter linked as well as providing a pathway for 
the electrical current to pass to the external circuit. This requires contact between the 
catalyst, the proton exchange membrane and the gas diffusion layer while providing 
access for the reactant gases. This is commonly referred to as the three- phase zone. In 
order to maximise the utilisation of catalyst, and hence the performance, these 
requirements must be met for as many of the catalyst sites as possible. In liquid 
electrolytes, the liquid penetrates into the catalyst layer and since the catalyst is 
bonded to the carbon gas diffusion layer, this enables close to 100% catalyst 
utilisation to be achieved. With the solid nature of the polymer electrolyte membrane, 
the boundary between the membrane and catalyst tends to be a more distinctly defined 
region, thereby resulting in a catalyst utilisation of as low as 10%, figure 2-5. The use 
of a solid electrolyte though, does enable the reactant gases to absorb directly from the 
gaseous phase onto the catalyst and then be oxidised or reduced electrochemically. 
Whereas in liquid electrolytes the gas has to first dissolve in the liquid, before 
transferring to the catalyst by diffusion. This tendency enables higher current densities 
to be achieved with solid electrolytes than liquid ones due to improved gas transport 
properties. 
Historically [20], electrodes were manufactured by mixing unsupported platinum black 
with teflon and hot pressing them onto the membrane. This resulted in acceptable 
performances being achieved (1 Alcm2 at 0.5 V), but at the expense of requiring large 
quantities of catalyst (4 mg/cm2 equating to 8 g/kW on high pressure oxygen). For 
terrestrial markets, and when using air for the oxidant, the cost of this quantity of 
catalyst was deemed to be unacceptable. Therefore, LANL and other research 
institutions have investigated many different ways of maintaining these performances 
while reducing the quantity of catalyst used. 
45 
Reactant 
Gas 
Gas 
Diffusion 
Layer 
Figure 2-5 Schematic of 3-phase zone 
Active 
The main approach to improving the catalyst utilisation, and thereby reducing the 
quantity of catalyst used, is to increase the effectiveness of the three-dimensional 
reaction zone, figure 2-6. One of the first steps to improve the catalyst utilisation was 
the use of platinum supported on carbon [97,98,991. The effect of this is to increase the 
surface area of platinum that is available for the electrochemical reaction. The 
increase in the surface area of plat inum is a result of the decrease in the partic le size 
from 100 - 5000 run for platinum black to 2 - 5 run fo r platinum supported on carbon 
[81. Kinoshita [1 001 suggested that a very stable structure of platinum atoms existed at a 
particle size of 3.5 run on some faces and 2 run on other faces. This structure agrees 
closely with the size of platinum particles that are supported on carbon. 
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The next improvement came with the incorporation of the perfluorosulphonate-
ionomer (PFSI - the solubilised form of the polymer electrolyte membrane) into the 
catalyst layer [71 ,101 ,102,103,104]. This was achieved by mixing the PFSI with an organic 
solvent i.e. alcohol and adding platinum on carbon to the solution. Several researchers 
also added PTFE in order to obtain efficient water rejection characteristics. Another 
substance, glycerol, was added by Wilson et aI [1 02] in order that a sufficiently viscous 
mixture was obtained to minimise the agglomeration of carbon particles during the 
mixing process. The mixture thus fonned was then applied to either the membrane or 
gas diffusion layer by one of the following processes. 
1. Spraying. The ink that is prepared using the above method is applied using a 
spray gun. This can be a particularly wasteful method, since to ensure a uniform 
coverage overlapping of the edges is required. In addition, because the quantity of ink 
applied over the area of the spray is uneven and depends upon the speed of 
application, the coverage of catalyst is correspondingly liable to be irregular. 
2. Painting. The ink is applied directly onto the membrane or G.D.L. using a 
paintbrush. This method allows close to 100% of the catalyst to be applied to the 
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substrate but non-uniform coating of catalyst is problematic. This process does not 
easily lend itself to mass production. 
3. Pouring. The low-viscosity ink is applied by pouring onto the substrate. The 
ink then forms a homogeneous layer if placed on a level surface. This process also 
allows very close to 100% of the catalyst to be applied to the substrate but the process 
does lend itself to mass production. The main problem is the time required drying the 
ink due to its low viscosity. 
4. Rolling. This technique involves making the mixture with a dough-like 
viscosity. The dough is then passed through a succession of rollers with decreasing 
separation until the required thickness is obtained. A reasonably uniform spread of 
catalyst is obtained with this process. This method is fairly time consuming although 
the process does lend itself to mass production. 
5. Printing. Three different printing methods can be used. Firstly, screen printing 
applies the ink to the substrate through a porous screen. A roller is passed over the 
screen to ensure a uniform coverage of ink. Secondly, ink jet printing passes a non-
viscous ink through a fine nozzle which is placed close to the substrate. This method 
produces a uniform spray that can be directed over the entire electrode area. This 
process produces a nominal loss of catalyst and an even spread of the catalyst over the 
electrode area. Finally, computer aided plotting requires a semi-viscous ink which 
may be applied to the substrate by either a spray or using a pen. This method is 
similar to the ink jet printing in that it produces very little wastage and the catalyst is 
applied uniformly. 
An alternative to applying the ink directly involved painting a PTFE blank with the 
catalyst ink and hot pressing the blank onto the membrane so that the catalyst is 
transferred onto the membrane [\05] . This method is similar to applying transfer decals 
onto models. Although this method produced good cell performances, the extra step 
involved in the production was deemed unnecessary. 
Another method published by Taylor et al [1 06] uses electrochemical catalysation to 
concentrate the platinum particles in the electrode regions that are both electronically 
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and ionically conductive, thereby making maximum use of the platinum. This paper 
states that the disadvantage of the above methods is that the platinum catalyst is 
uniformly distributed throughout the electrode structure, and therefore much of the 
catalyst does not have both ionic and electronic accessibility. Their method involves 
impregnating Nation into an uncatalysed carbon electrode and then electrodepositing 
platinum particles through the Nafion into the electrode using a commercial plating 
bath. Using this process, the platinum particles are only electrodeposited in the 
regions of the electrode with both ionic and electronic conductivity. 
Verbrugge (107J also uses a method of electrodepositing the catalyst within the active 
layer of the electrode. This method electrodeposits platinum from a dilute electrolyte 
containing a platinum cation species. The platinum complex is then reduced to 
platinum particles after the MEA has been prepared. 
Fedkiw et al (108J describes a process in which the Nafion is ion-exchanged with a 
precursor metal salt, followed by being exposed to a reductant. The Nafion membrane 
is first transferred to the Na + form and equilibrated with a platinum cation species. 
The next step involves exposing one face of the Nation to air and the other face to an 
aqueous reductant solution. The majority of platinum particles are deposited within 
the first few microns of the surface. Millet et al (1 09J have also used the impregnation-
reduction method to produce localised platinum particles near to the surface of the 
membrane. 
Foster et al (II OJ used the above method of depositing platinum near the surface of the 
membrane followed by growing polyaniline wires into the membrane to connect the 
platinum particles to the external circuit. 
Another important, but often neglected parameter in electrode design is its porosity. In 
addition to having electronic and ionic pathways, the catalyst must have gas access in 
order to work efficiently. Fischer et al [IIIJ showed that the addition of pore forming 
materials (thereby increasing the porosity from 20% to 65%) to the catalyst ink 
resulted in 70% improvement in the current density at 0.5 Volts. 
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2.4.5 Electrocatalysis 
In many electrochemical systems, large overpotentials are required for the electrode 
reactions to occur at an appreciable rate. The function of an electrocatalyst is to 
provide an alternative reaction pathway that bypasses the slow step with a lower 
activational energy barrier than the uncatalysed pathway. Electrocatalysis differs from 
conventional catalysis in that the rate of reaction is also affected by the presence of an 
electric field across the electrode-electrolyte interface and by the type of electrolyte 
used. In solid polymer fuel cells, the electrode-electrolyte interface occurs over a very 
small distance resulting in a large, localised electric field. A good fuel cell 
electrocatalyst should have good electronic conductivity, show suitable adsorption 
characteristics for the reactants / reaction intermediates and be stable in a fuel cell 
environment. 
Most SPFCs use platinum as both anode and cathode catalysts. There are two main 
problems to using platinum in solid polymer fuel cells though. Firstly, the cost of the 
platinum that is needed for the fuel cell to operate at high power densities results in a 
high cost for the fuel cell. Secondly, if fuel cells are to make a significant impact on 
the world energy market then there are doubts as to whether there is enough platinum 
existing on the earth to satisfY this market. The first method of addressing these 
problems is by reducing the quantity of platinum that is used in a fuel cell . The 
different approaches that fuel cell developers are taking to reduce the quantity of 
platinum are described in the previous section. The second method involves the use of 
alternative catalysts. 
There are very few electrocatalysts capable of satisfYing the criteria for the cathodic 
reaction because most metals dissolve anodically at large overpotentials for the 
oxygen reduction reaction. Current research impetus on alternative electrocatalysts to 
platinum has concentrated on other noble metals i.e. palladium, ruthenium, iridium, 
vanadium etc, which are often alloyed to platinum, transition metal macrocycles either 
unpyrolysed or pyrolysed i.e iron phthalocyanines and ruthenium-oxide pyrochlores 
[112,113,114,11 5, 116, 11 7) 
50 
The main challenge for the hydrogen oxidation reaction occurs when reformed fuels 
are supplied to the anode. These fuels usually contain carbon dioxide and trace 
amounts of carbon monoxide. Carbon monoxide strongly chemisorbs onto platinum to 
effectively poison the catalyst for hydrogen oxidation and therefore decreases the cells 
performance. There have been many publications on carbon monoxide poisoning in 
fuel cells [118,119,120] and in particular the preferential catalysis of hydrogen over carbon 
monoxide. The majority of fuel cell developers working in this area conclude that a 
platinum-ruthenium alloy (approximately 1:1 atomic ratio) exhibits the highest carbon 
monoxide tolerance. Iwase et al (1 20J showed that the results of a Pt-Ru alloy 
electrocatalyst on the anode achieved equivalent results with 100ppm of carbon 
monoxide in the gas stream as a Pt catalyst operating on pure hydrogen. 
LANL (118J have developed an alternative method for solving the problem of carbon 
monoxide poisoning of the catalyst. In their approach, small quantities of oxygen are 
injected into the hydrogen gas stream contaminated with 100-ppm carbon monoxide. 
This resulted in performance levels returning to the levels achieved on pure hydrogen. 
The electrocatalyst used in this study was platinum at 0.4 mg/cm2, 
Another method developed by Dudfield et al (121J used the principle of reversing the 
polarisation (turning the fuel cell into an electrolyser) periodically to desorb the 
carbon monoxide from the catalyst sites thereby making those sites available for 
hydrogen adsorption. 
2.4.6 Gas Diffusion Layer 
There is very little published information relating to the properties of gas diffusion 
layers. Much of the published information classifies the gas diffusion layer as part of 
the electrode. Indeed the properties of the gas diffusion layer are very similar to the 
electrode in that it must provide for good gas diffusion, good electronic conductivity 
and efficient water transport. The gas diffusion layer must also be stable in the fuel 
cell environment and often forms a structural component of the solid polymer fuel 
cell. 
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The majority of gas diffusion layers used in solid polymer fuel cells are either carbon 
cloth or carbon paper. These substrates often contain a degree of PTFE to improve 
water management. The ideal level ofPTFE depends on the type of membrane and the 
overall cell design. Other gas diffusion layers have been manufactured from a carbon / 
polymer paste which is then rolled until the polymer is sufficiently crosslinked and 
the required thickness is obtained. 
Wilson et al proposed that a reduction in the thickness of the gas diffusion layer 
would result in a significant performance enhancement [69J. This hypothesis assumes 
that the reactant is uniformly supplied to the gas-side of the gas diffusion layer. 
Therefore, with channelled flow fields the situation may be different. 
The properties of several different types of gas diffusion layer are listed in Table 8. 
Gas Diffusion Layer Thickness Density Porosity Electrical Resistivity 
(mm) (glcm2) (%) (Q.cm) 
Through Across 
Plane Plane 
Electrochem Carbon 
0.35 1.75 - 80 - 0.013 
Cloth 
Toray TGP-030 0.10 0.40 77 0.15 0.01 
Toray TGP-060 0.19 0.46 74 0.15 0.01 
Toray TGP-090 0.27 0.46 74 0.15 0.01 
TorayTGP-120 0.37 0.46 74 0.15 0.01 
Gore-Select Carbel CL 0.19 - - 0.22 0.008 
Table 8 Properties of various commercial gas diffusion layers 
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2.4.7 Bipolar plate I current collector design 
A fuel cell stack is assembled from a number of single cells to achieve the required 
operating voltage. For example, the electric motors used in electric vehicles require 
voltages upwards of200 V, at a single cell voltage of 0.65 V this requires at least 300 
cells. Each single cell consists of an MEA encompassed between two gas diffusion 
layers that are respectively surrounded by bipolar plates. 
The bipolar plate generally performs the functions of supplying the reactant gases 
across the who le of the active cell area, allowing access for the reaction products and 
non-reacting species to exit the cell, and conducting the current to the adjacent cells. 
The stacks cooling mechanism may also be incorporated in the bipolar plate. The 
current collector performs the same functions as the bipolar plate but is unipolar, i.e. 
having one side contacting the cell as in the end plates of a stack. 
The main properties for a good bipolar plate are [123,124] : 
• Efficient gas distribution to the whole of the cell 
• Effective rejection of the reaction products and non-reacting species 
• Good electrical conductivity 
• Limited corrosion in fuel cell environment 
• Corrosive species non-deteriorative to catalyst or membrane 
• Extremely low gas permeability 
• Efficient heat rejection characteristics 
• Good strength 
• Low volume and weight 
• Inexpensive and simple manufacture 
Efficient gas distribution is achieved by the use of gas flow-fields. A gas flow-field 
should have at least one inlet and exit, cover the entire active area of the electrode, 
offer a low restriction to the flow of gases (low pressure drops) and ideally produce a 
uniform distribution of reactant gas at the electrode. 
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The most common form of gas flow-field involves the incorporation of gas channels 
into the bipolar plate. These channels may be formed by machining the gas channels 
into the plate, moulding carbon I polymer composites into the required shape, 
embossing flexible plates with the gas channel design or punching the gas channel 
design out of thin sheets or plates. The gas channel design is an important factor in 
maintaining a uniform current distribution over the electrode surface. The reactant gas 
enters the gas channel at its highest concentration, as the gas is consumed in the 
electrochemical reaction and the product water is formed the reactant gas 
concentration decreases usually reaching a minimum at the exit. The degree of 
concentration change along the gas channel depends upon the stoichiometry, the 
original concentration of reactant species, and whether passive water removal is used. 
The effect of gas channel design on the concentration of the various species in the fuel 
cell is discussed further in section 2.5. 
Alternatives to the gas channel design for the gas flow-field include the use of 
meshes, porous current collectors etc. [69,70] 
If the fuel cell is operating on pure hydrogen and oxygen, I.e. space or marme 
applications, then both gas supplies may be dead-ended as long as there is the facility 
for passive water removal. Passive water removal (122] uses a capillary plate to absorb 
the liquid water produced at the cathode. This liquid water is then transferred to a 
second flow field on the reverse of the capillary plate where coolant water is 
circulated. 
If the fuel cell is operated on any fuel and oxidant other than pure hydrogen and 
oxygen then the appropriate gas streams have to be passed through the fuel cell at a 
stoichiometry greater than one. This is to ensure that the non-reacting species and the 
product water are expelled so as not to significantly impede the reacting species 
transport to the catalyst sites. 
The bipolar plate should not add a considerable ohmic penalty to the cell. This means 
that for a cell operating at I A I cm2 the vo ltage loss should be lower than about 10 
m V per plate. This equates to a resistance of 10 mn.cm2, which for a I mm thick plate 
is readily achieved using most metals and some semiconductors such as graphite and 
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TiC. If a metal is used with a protective coating, the resistivity for a 25 micron coating 
should be lower than 4 Q.cm. 
The bipolar plate experiences totally different chemical and electrochemical 
environments on either face. On the anodic face, a reducing atmosphere of hydrogen 
and carbon dioxide is experienced with potentials from zero up to 0.6 V RHE. The 
anode must have limited susceptibility to carbonic acid, formed from the dissolved 
carbon dioxide, and must be highly resistive to the formation of hydrides. The 
cathodic face experiences an oxidising atmosphere with potentials up to 1.23 VRHE. 
Therefore, the cathode should not form a passive layer that increases the surface 
resistance or that is poisonous to either the membrane or catalyst. 
The bipolar plate will always experience a certain degree of corrosion. The important 
consideration is the species formed by the corrosion processes and not so much the 
rate of the corrosion process. For instance, graphite plates experience a small degree 
of oxidation forming carbon dioxide, which exhausts from the fuel cell with little or 
no deterioration. The use of metal plates may cause concern though. Most cations and 
some organic compounds result in the deterioration of sulphonic acid membranes. 
Metal cations substitute with the protons causing increased membrane resistance and 
the formation of aqueous acids. The formation of halide ions is another concern as 
they poison the electrochemical catalyst. 
On either side of the bipolar plate are the reactant gases hydrogen and oxygen, which 
form an explosive mixture if mixed. Therefore, the plate material must be sufficiently 
impermeable to restrict the mixing of anode and cathode gases. For instance, at a 
current density of I Alcm2 and a leakage rate of 0.5% the average gas permeability 
must be lower than 104 cm3.s·1.cm·2. This gas permeability assumes a small pore size, 
large pores would still cause a dangerous localised mixing of hydrogen and oxygen. 
Since the irreversibilities of the fuel cell operation in addition to ohmic losses result in 
the generation of heat, a heat extraction facility must be provided in a stack. The heat 
extraction is most commonly achieved by the use of cooling plates. The cooling plates 
are quite easily incorporated into the bipolar plate design. Therefore, the bipolar plate 
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must be compatible with the cooling medium and be sufficiently thermally 
conductive. 
Fuel cells at Loughborough University Fuel Cell Group have been operated with 
compaction pressures as high as 600 N / cm2 (1241. Therefore, the bipolar plate must be 
strong enough to resist these large clamping forces. 
The bipolar plate is the critical component in a fuel cell stack in terms of volume and 
weight. Near term design criteria for the volume and weight of fuel cells are 1 kW / I 
and I kW / kg respectively. Assuming a current density of 0.7 A / cm2 at 0.7 V and an 
area utilisation factor of 0.75 (ratio of active cell area to total cell area) the maximum 
thickness for each cell is 3.75 mm. With MEA's being of the order of 1 mm thick 
including the gas diffusion layers, this limits the bipolar plate thickness to 2.75 mm 
including the cooling section. An area utilisation factor of less than 0.75 is unlikely to 
meet the specific volumetric power density. Using the same performance figures as 
above, in order for the stack to achieve a power density of 1 kW / kg, the density of 
the bipolar plates has to be approximately 1 g / cm3 including gas and cooling 
channels and any other voids. Therefore, for graphite plates to be acceptable, they 
have to be over 50% void for a plate thickness of 2.75 mm. For metal plates to be 
acceptable, they have to be 63% void for aluminium, 78% void for titanium, and 88% 
void for stainless steel for a plate thickness of 2.75 mm. This is not so much a 
disadvantage as first appears though, since metal plates can be made much thinner 
than graphite ones due to their higher strength. If we assume that the gas and cooling 
channels occupy 50% of the total volume of the metal plates, then the thicknesses 
must be <2 mm for aluminium, <1.2 mm for titanium and <0.66 mm for stainless 
steel. Therefore, if metals are to be used as bipolar plate materials clever design of the 
plate structure is needed to maintain the required strength. 
The most demanding market for fuel cells appears to be the private transportation 
sector. This market dictates that the cost of the bipolar plate should be less 0.25 pence 
/ cm2 (1 231. Therefore with a fuel cell stack of 200 cm2 active area, the cost must be 
less than 50 pence / plate. This includes both the material cost and any fabrication 
costs. 
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2.4.8 Stack construction 
A fuel cell stack is a number of single cells connected together in series. Most stack 
designs are based on the bipolar plate principle, figure 2-7. This diagram shows 
bipolar plates with integral cooling channels separated by MEAs. The gaskets seal the 
working part of the MEAS from the manifolds and atmosphere. The manifolds supply 
the reactant gases and cooling media to the individual cells. The compression devices 
are not included in this diagram. 
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The main issues facing the designer of a solid polymer fuel cell stack are: 
• Gas manifolds 
• Method of gas sealing 
• Clamping devices 
• Method of cooling 
• Gas humidification 
• Safety devices 
The gas manifolds must have at least one inlet and usually at least one exit to each of 
the individual cells. They must ensure that there is uniform supply of gases to all the 
cells to minimise cell to cell variation in performance. The fuel supply must also be 
completely sealed from the atmosphere and the oxidant supply so that there is no 
dangerous intermixing of reactant gases. The gas manifo lds are usually incorporated 
into the gasket with a channel running from the manifold to the gas track for each cell. 
For safety reasons, the fuel and oxidant supply lines must be completely separated 
from each other and the atmosphere. This is achieved either by using a gasket or an 0 -
ring which encompasses each side of the MEA. The gasket may be made from any 
flexible material but silicone rubbers or expanded PTFE are at present the most 
commonly used. If the bipolar plate is made from a flexible conducting material i.e. 
flexible graphite[142J this plate may also be used as the gasket as long as the anode and 
cathode of each cell are electrically insulated. The gas sealing may also be achieved 
using a resin to bond the edge of the MEA to the bipolar plate, thereby filling all the 
open pores. 
Both the effectiveness of the gaskets and the reduction of the contact resistance 
between the plates and electrodes of the fuel cell stack often depend upon the 
clamping pressure. The ideal clamping pressure of fuel cell stacks developed at 
Loughborough is approximately 600 N/cm2 [l24J. The stack is usually clamped using 
either bolts or tie bars. 
The gasket and bolts are incorporated into the non-active part of the fuel cell stack. In 
order for the maximum utilisation of stack volume, this non-active area has to be as 
small as possible in relation to the active area. The ratio between the active electrode 
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area and the total stack area for each cell is defined as the area of utilisation. This area 
of utilisation is often less than 50%, but in modern designs up to 80% has been 
achieved [1481. 
The cooling of the fuel cell stack is usually accomplished using cooling plates. The 
cooling plates are either incorporated into the bipolar plate or using a separate plate 
sandwiched between two unipolar plates. The cooling plates distribute the cooling 
medium e.g. water or air, around the cell. If water or another liquid is used then a 
radiator is also required. With careful control of the conditions in the cell, the cooling 
may also be achieved using the heat of vaporisation of the humidification and product 
water. This method eliminates the need for cooling plates, thereby reducing the size 
and weight of the fuel cell stack. 
Gas humidification may be achieved by either internal or external humidification to 
the stack, which are discussed in section 2.4.2. The humidification section can 
significantly increase the size and weight of the stack and hence operation of the fuel 
cell on dry inlet gases is desirable. 
Safety is a major issue when operating a fuel cell stack. The use of hydrogen and 
oxygen in close proximity can lead to explosive conditions if there is any intermixing. 
For instance, if there are heat spots produced around the membrane caused by high-
localised current densities, this can lead to failure of the membrane at this point. 
Failure of the membrane results in the dangerous condition of intermixing of 
hydrogen and oxygen. Obviously, it is imperative that the membrane does not fail 
under any conditions, but safety devices may also be fitted so that if a failure does 
occur the fuel cell shuts down before an explosion or fire may occur. These safety 
devices may consist of flame arrestors, hydrogen/explosive gas sensors or automatic 
shut -off valves. 
59 
2.5 Solid Polymer Fuel Cell Modelling 
Mathematical modelling of fuel cells is important for understanding the different 
processes involved in the fuel cells operation and in predicting the performance of a 
fuel cell. The performance of a fuel cell is based upon thermodynamics, electrode 
kinetics and transport phenomena. Thermodynamics describe the production of 
electrical energy and heat, as well as governing the driving forces for the transport 
processes. The electrode kinetics relate to the irreversible thermodynamics that are a 
function of the cell polarisation. Finally, the transport processes which include the 
mass transfer of the various species in the fue l cell in addition to the heat transfer, 
play a significant role in maintaining efficient operation. 
Figure 2-8 shows a schematic representation of the solid polymer fuel cell. The proton 
conducting membrane is sandwiched between two electrodes containing platinum 
catalyst. Gas diffusion layers are inserted between the current collectors and the 
electrodes. We can now introduce seven distinct zones to describe the transport of the 
various species in each of these zones. (1) The anode gas chamber; (II) The anode gas 
diffuser; (Ill) The anode active catalyst layer; (rV) The membrane; (V) The cathode 
active catalyst layer; (VI) The cathode gas diffuser; (VII) The cathode gas chamber. 
The boundaries between these different zones of the fuel cell are assumed sharp for 
the purposes of modelling but in reality, they are diffuse. Typically, the proton 
conducting membrane is 200 microns thick, the gas diffusion layers are 300 microns 
thick and the catalyst layer is 10 microns thick. 
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Figure 2-8 Schematic representation of the solid portions of a fuel cell 
Any mechanistic model that is based on fundamental principles should adequately 
describe the transport of the various species in the fuel cell as well as the reaction 
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kinetics and thermodynamics of the system. Firstly, the transport in the anode and 
cathode gas chambers will be described. 
As the reactant gases travel along the gas track, a certain quantity (proportional to the 
current density) is consumed by the electrochemical reaction. This creates a pressure 
differential between the gas pressure in the gas chambers and the catalyst layer 
resulting in diffusion of the gases to the catalyst layer. At the same time, a quantity of 
water is produced at the cathode due to the electrochemical reaction, which is also 
proportional to the local current density. The addition of inert gases in either of the 
reactant gases results in a lowering of the partial pressure of the reactant gas. As the 
inert gases do not react, the net transport from the gas chamber to the catalyst layer is 
often assumed to be zero in steady state conditions. In reality, a certain quantity of the 
gases will also diffuse across the membrane depending upon the pressure differentials 
and the characteristics of the membrane. 
Gas, water vapour and liquid water are transported through the gas diffuser by the 
process of diffusion. When PTFE is added to the structure of the gas diffusion layer, it 
creates separate channels for the gas and water to travel. The water is restricted from 
travelling along the PTFE lined channels due to the greater water contact angles, and 
hence mostly travel along the non-PTFE lined channels. Since in well-humidified 
conditions the non-PTFE lined channels will be filled with liquid water, the reactant 
gases preferentially travel along the PTFE lined channels. The gas diffuser also 
transports the electrons produced by the electrochemical reaction along the 
electrically conducting paths due to the potential difference. 
In the catalyst layer, the reactant gases diffuse to the catalyst sites through void 
volumes within the structure. On the anode side, hydrogen oxidises to form two 
protons and two electrons. The electrons then travel along the electrically conducting 
pathways to the external circuit, and the protons migrate through the polymer 
electrolyte membrane. At the cathode catalyst layer, an oxygen atom accepts two 
protons and two electrons to form a water molecule. The kinetics of the oxygen 
reduction reaction is about five orders of magnitude slower than the hydrogen 
oxidation reaction and therefore needs careful analysis to be accurately modelled. 
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Water is transported through the membrane by both electro-osmotic transport and 
diffusion. Electro-osmotic transport results in water being transported with the 
protons i.e. from anode to cathode. Diffusion is a result of water concentration 
gradients and can occur in either direction. Figure 2-9 shows two water profile cases 
that may occur in a practical fuel cell [125]. In case I , a high water content in the 
cathode gas stream will result in the saturation of the gas in the gas diffusion layer. 
Therefore, liquid water will be present in the gas diffusion layer and at the cathode 
catalyst layer. The presence of liquid water will increase the ionic conductivity of the 
membrane, but lower the oxygen partial pressure at the catalyst sites. In case 2, a low 
water content in the cathode gas stream improves the partial pressure of the gas at the 
catalyst site but lowers the ionic conductivity of the membrane. Hence, there has to be 
a balance between maintaining sufficient water to keep the ionic conductivity of the 
membrane high and sufficient partial pressure of reactant gas to keep the reaction 
kinetics high. 
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Figure 2-9 Schematic of a solid polymer fuel cell showing two possible water 
activity profiles that may arise 11251 
A comprehensive one-dimensional model that introduced the effects of electro-
osmotic drag and diffusion gradients on water transport was developed by Bernardi 
and Verbrugge [126,127]. They conclude that the oxygen reduction reaction appears to 
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be important at all current densities. At high current densities i.e. more than 200 
mNcm2, the membrane resistance becomes significant. In addition, at higher current 
densities the reaction rate distribution is concentrated at the oxygen-rich catalyst layer 
I gas diffuser interface. Therefore, concentrating the catalyst at this interface should 
prove cost effective. The work also concludes that at low current densities, the 
transport of water is dominated by the pressure differential but at higher current 
densities, the electro-osmotic drag dominates. 
Springer at al [128] developed a one-dimensional, isothermal model that also included 
the water transport properties through the membrane. They related the water diffusion 
coefficients and electro-osmotic drag coefficients to experimental data obtaining 
relationships at varying membrane water contents. They also determined relationships 
between the membrane water content and the membrane conductivity. These 
relationships were then used to model the effects of varying humidities on the fuel 
cells performance. They conclude that there is a overall water transport of 0.2 H20 I 
W at typical operating conditions. 
Fuller and Newman [129] derived a model that considered water management, thermal 
management and utilisation of fuel in detail. The model also considers transport down 
the gas track and therefore is two-dimensional. Presented in figure 2-10 are the mole 
fractions of hydrogen, oxygen and water for an isothermal case along the gas track 
(where z is the distance along the gas track). The local current density is also shown 
which is represented by the solid line. In the initial portion of the gas track, the net 
water transfer is approximately zero, hence the mole fraction of hydrogen is almost 
constant for the first few centimetres. The current density decreases in the initial 
portion of the gas track. As z increases the water content in the cathode gas stream 
increases and the membrane becomes more hydrated. As the membrane becomes 
more hydrated its resistance decreases and the current density increases. 
63 
0.' 
"'"1 0.3 
" 
0.2 
- - - --anode 
'" 
". 
-
... 
---- m 
0123436719101112 
z, distance from entrance (cm) 
-.~ 
Figure 2-10 Mole fractions of hydrogen, oxygen and water down the gas track, 
Fuller and Newman 11291 
Kimble and Vanderborgh [1 30] developed a mathematical model for the two-phase 
flow in one gas channel, which was then used to determine the mass, momentum and 
thermal distributions in the gas flow channel. Figure 2-11 shows a representation of 
the two-phase flow channel. Along the flow channel, oxygen is consumed by the 
electrochemical reaction and a percentage of the water produced by the reaction enters 
the flow channel. The liquid water that accumulates as the gas travels along the flow 
channel reduces the cross-sectional area for the flow of gas and therefore the relative 
velocities of each phase will change. The water flow is assumed to be continuous so 
that no plug or slug flow of the liquid occurs. Figure 2-12 shows the number of 
oxygen moles along the flow channel at different inlet conditions. Most significant is 
the variation in the number of oxygen moles for a two-phase inlet flow. As the gas 
flows along the flow channel, the reduction in cross-sectional area for the flow of gas 
results in an increasing gas velocity and correspondingly a reduction in the oxygen 
density. Hence, the number of oxygen moles rapidly decreases. 
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Figure 2-11 Representation of the two-phase flow channel, Kimble and 
Vanderborgh 11301 
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Figure 2-12 Oxygen mole concentration along the gas track at different inlet 
relative humidities and inlet temperatures, Kimble and Vanderborgh 11301 
Nguyen and White [1311 also deve loped a water and heat management model 
considering flow in two-dimensions. They used the model to investigate the 
effectiveness of three humidification strategies. They concluded that the diffusion of 
water from the cathode to the anode is insufficient to maintain the membrane (Nation 
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lIS) in an adequately hydrated state at high power densities. Therefore, they suggest 
that both the anode and cathode gas streams need to be humidified when operating on 
air as the oxidant. 
Weisbod et al [125) firstly developed a one-dimensional model that describes the water 
transport and the kinetics of oxygen reduction in detail. They then extended their 
model to two dimensions to model the flow down the gas flow channel [\32). Figure 
2-13 shows the anode and cathode relative humidities, the total water transfer per 
proton and the current density as the gas travels down the flow channel. At the inlet, 
the anode RH is 100% and the cathode RH is 50%. The electro-osmotic drag is the 
dominating transport mechanism in this region and hence the water flows from anode 
to cathode. In the first portion of the gas flow channe~ the humidity of the anode gas 
decreases. This results in the current density also decreasing due to drying out of the 
membrane on the anode side. As the net water transport is from anode to cathode and 
the water from the electrochemical reaction is produced at the cathode, the humidity 
of the cathode gas increases. As the cathode gas humidity increases the diffusion of 
water from cathode to anode dominates causing the anode RH to increase. This results 
in a corresponding increase in the current density. At a certain distance along the gas 
track (around 40% of the length) the water transport from anode to cathode again 
dominates and settles down at a slight positive value. This water transport value 
results in the relative humidity of the anode gas remaining approximately constant 
along the remainder of the gas flow channel. As water is still being produced by the 
electrochemical reaction, the humidity of the cathode gas stream still increases until it 
reaches 100%. After the cathode gas stream becomes saturated, liquid water is formed 
which reduces the concentration of oxidant and therefore the current density 
decreases. 
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Figure 2-13 Relative bumidities of tbe anode and catbode gas streams along tbe 
gas flow cbannel, 11321 
Figure 2-14 shows the predicted effects of the feed gas relative humidities on the 
overall fuel cells performance. This graph shows that relat ive humidities on the 
cathode gas stream of below 75% result in significant drops in the fuel cells 
performance. The effect of the anode humidity is less significant at the higher cathode 
gas humidities. 
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Figure 2-14 H umidification map for tbe solid polymer fuel cell at 1 A/cm2, 11 321 
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The mathematical models which are described above consider gas and water transfer 
across the MEA and along the flow channels. Yi and Nguyen[145] developed a model 
to describe the width-wise gas diffusion in order to investigate the effect of varying 
the dimensions of the flow channels. Figure 2-15 shows the concentration distribution 
of the reactant species in the gas diffusion layer. At the flow channel side of the gas 
diffusion layer (y=0 cm), the concentration of gas drops of sharply, reaching a 
minimum within 0.5 mm of the edge of the flow channel. As the reactant gas is 
consumed by the electrochemical reaction the concentration of the gas decreases. This 
creates a concentration differential between the flow channel and the catalyst layer 
(y=0.01 cm), which is shown in the graph. The concentration of the reactant gas at the 
catalyst layer decreases at a similar rate to the concentration at the flow channel side 
of the gas diffusion layer. The conclusion of this work is that the shoulder between 
two flow channels may limit the current by up to 45% when compared to a theoretical 
flow channel design with no shoulder area. This study only considered the gas 
diffusion to the catalyst layer and did not take into account the effects of contact 
resistance between the current collector and gas diffusion layer. 
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Figure 2-15 Concentration distribution of reactant gas in the gas diffusion layer 
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Chapter 3 
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3 Preliminary Investigation into the Measurement of Current 
Distribution 
Prior to the autumn of 1993 when this project was first conceived, SPFC research had 
concentrated on the electrochemistry of the MEA, with few publications on single 
cells above 50 cm2 and fuel cell stacks. At this time the Loughborough Fuel Cell 
Group's activities had progressed to a lOO cm2 single cell, had produced a 2-cell 
SPFC stack containing a bipolar separator plate and were obtaining favourable results 
from these cells. A photograph of three different sizes of fuel cell is shown in figure 
3-1. 
Figure 3-1 Photograph showing the different sizes of fuel cell (44 cm 2 front, 80 
cm2 top right, 100 cm2 top left.) 
Throughout the process of scaling up from an electrode area of 12 to 100 cm2 a 
significant drop in performance was observed as the electrode area increased, figure 
3-2. The operating conditions for these tests were 3 barg hydrogen pressures, S barg 
oxygen pressures and a cell temperature of 95°C. Many such tests were completed 
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using the same method of manufacture for the MEA, i.e. Nafion 117 hot-pressed 
between two E-Tek electrodes. Each of these tests gave similar performances to figure 
3-2. 
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Figure 3-2 Effect of increased cell size on output. 
Possible reasons for this variation in performance are firstly thought to be due to 
distortion of the cell, and secondly due to gas and water management problems. For 
each of the different sizes of fuel cell, the compaction pressure per unit area was 
maintained approximately constant. Therefore as the diameter of the cell increases the 
deflection in the centre of the cell also increases. This results in a lower force exerted 
on the electrode in the centre of the cell and hence an increase in the contact 
resistance. 
Each gas track used central gas feeds supplying gas to the electrode through pie-
shaped gas flow tracks as shown in figure 3-3. Whereas the 80 cm2 and 100 cm2 gas 
tracks used six pie-shaped segments, the 44 cm2 design used only four segments. This 
translates to track lengths of approximately 363 mm, 435 mm and 546 mm for the 44 
cm2, 80 cm2 and 100 cm2 cell designs respectively. In these gas tracks, the width was 
I mm and the shoulder width between two successive tracks was 2 mm. 
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Figure 3-3. Segmented concentric ring gas track design for 80 cm2 fuel cell. 
The velocity of the inlet gases is governed by the total current produced by the fuel 
cell and the stoichiometry of the gases. If the fuel cell produces a uniform current 
density over the entire electrode surface then as the electrode area increases the total 
current also increases proportionally. Therefore, the larger fuel cells have greater inlet 
gas velocities assuming constant stoichiometry. The velocity of the feed gases is 
likely to affect the rate of reactant gas diffusion to the catalyst sites. Also, since the 
rate of water evaporation from the electrode to the gas stream is governed by the 
velocity of the gases, the larger fuel cells are likely to have a lower water content in 
the membrane close to the gas track inlet (assuming constant feed gas humidities). 
Another factor that may affect the rate of diffusion of the reactant gases and the rate 
of water evaporation is the turbulence of the reactant gases. Therefore, the length of 
the gas tracks in addition to the flow design is likely to affect the performance of the 
fuel cell. 
In order to investigate the variation in performance due to the aforementioned factors 
a current distribution measurement system for the so lid polymer fuel cell was 
conceived. 
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3.1 Measurement of Current Distribution in Electrochemical 
Cells 
Current distribution has been studied in many different electrochemical systems. 
Czarnetzki (1989) [1341 measured the current distribution in a hypochlorite cell by 
segmenting one of the electrodes into 20 squares and controlling the potential of each 
of the segments using a constant voltage source. Qi (1990) [135J also used a segmented 
electrode to investigate the ionic mass transfer using the ferri- and ferro-cyanide redox 
couple. Bisang (1993) [1 36J studied the effect of mass transfer on the current 
distribution in a hydrogen-evolving cathode using a segmented electrode consisting of 
192 squares. 
The above authors used electrodes that were separated into segments and then 
reassembled with insulation between the segments. Another method of segmented the 
electrode is using copper printed circuit board technology. Brown (1992) [I37J used 
this method to investigate local mass transport effects in ICI's FMI 0 I-LC parallel 
plate electrolyser. Cleghom (1996) [138J used the same technique to look at the current 
distribution in a solid polymer fuel cell. This study was based on a 100 cm2 fuel cell 
with a 7 channel serpentine flowfield. The hydrogen current collector consisted of 18 
gold-plated segments, which were connected to two load boxes. Each segment had to 
be individually uncoupled from the main load box for the current measurement. The 
catalyst layer and gas diffusion layer on the anode side of the fuel cell were also 
segmented in this study. The results showed significant differences in the current 
density along the gas tracks. 
Another study on the current distribution in a SPFC was conducted by Rieke (1987) 
[139J. This study used an array of reference electrodes, which were fabricated onto 
Nafion™ using micro lithographic techniques. The results also showed a degree of 
inhomogeneity, although since the array was only based on 16 segments the 
conclusions that could be drawn were limited. 
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3.1.1 Conception of Current Distribution Measurement at 
Loughborough University 
For the current distribution measurement in this project, it was decided to segment the 
current collector with an electrical insulator between the segments, in the same 
manner as used by the above authors [134,135,1361. This particular design of current 
collector was chosen due to its versatility in allowing many different cell 
configurations to be tested, its use of existing tried and tested technology and its 
uncomplicated manufacture. 
The use of existing manufacturing techniques i.e. the machining of graphite enabled 
the segmented current collectors to be produced in-house. This meant that the cost and 
time required for preparing the current collectors was kept to a minimum. The 
segmented type of current collector could be made several centimetres thick so that 
many different gas flow designs may be tested using the same fuel cell. Finally, the 
use of a graphite current collector of the same design as used previously meant that 
there was a reduced risk of corrosion of the current collector and poisoning of the 
catalyst. 
The work plan for current distribution in a solid polymer fuel cell involved the 
following developmental stages: 
o Design and testing of the voltage regulator circuit. 
o Realisation of a suitable manufacturing method for the segmented current 
collector. 
o Construction ofa prototype small-scale fuel cell to test the validity of the 
technique. 
o Manufacture of the voltage regulator circuits for the full scale segmented fuel cell. 
o Manufacture of the full scale segmented fuel cell. 
o Prograrnming of the dedicated software for real-time analysis of data. 
o Measurement of the effects of humidification on the current distribution in a solid 
polymer fuel cell. 
o Design and construction of a segmented fuel cell for the current distribution 
measurement around a single flow channel. 
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• Development of a fluid flow model to assist with the analysis of the along the flow 
channel measurements 
• Testing of the performance around a single flow channel with varying pressures, 
stoichiometries and humidification conditions using the segmented fuel cell. 
3.1 .2 Voltage Regulator Circuit Design 
In order to emulate the operation of the standard fuel cell each portion of the 
segmented fuel cell had to be maintained at a constant potential. For a uniform 
potential to be maintained across the surface of the segmented current collector, it was 
necessary to design an electrical circuit to regulate the potential over a wide range of 
currents (0 to 2 Amps). The current flowing through each of the segments had to be 
measured and passed to a data collection system. Finally, the circuits had to be 
modular to enable progression onto larger fuel cells. 
Several different designs of voltage regulator circuits were tested, figure 3-4 shows 
the most effective circuit that satisfied the criterion. This circuit consists of a voltage 
follower with a current sink capability of approximately 4 Amps and a constant 
voltage between 0.3 and 1.2 Volts. For this circuit, the voltage reference point 
changes by less then 2 m V when the current produced by the fuel cell is increased 
from 0 to 2 Amps. In all 96 circuits were required and hence it was important to keep 
the circuit as simple and low cost as possible. 
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This circuit had to be repeated for each segment of the fue l cell, where the positive 
input to the Op-Amp is common to each circuit. This required the circuit to be 
manufactured onto a circuit board with a 16-way multiplexer controlling which fuel 
cell segment data was passed through the edge-connector. A photograph ofthe circuit 
board is shown in figure 3-5. 
3.1.3 Segmented Current Collector Design 
The manufacture of the 12-segment fuel cell consisted of the following steps; 
I. A solid block oflow porosity graphite was cut into I x I x 5 cm sections. 
ll. These sections were then arranged into a square block with 0.5 mm spacers 
separating adjacent segments. 
Ill. Silicone rubber solution was then injected into the spaces between each of the 
segments. 
IV. The segmented current collector was then machined with a circular cross-
section and the gas flow track machined into the front surface. 
V. A tufuel ring was then added to clamp the two current collectors together 
VI. Holes were then drilled and tapped into each of the segments and screws used 
to clamp solder tabs to the back plate. 
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A photograph of the segmented current collector is shown in figure 3-5. 
Segmented Cathode 
Current CoUector 
Figure 3-5 Photograpb of tbe 12 segment fuel cell witb voltage regulator circuit 
board 
3.2 Testing of the Prototype Segmented Fuel Cell 
A schematic of the 12-segment fue l cell and its interfaces to the computer are shown 
in figure 3-6. The MEA used at this stage of testing is given in Appendix B. The 
hydrogen and oxygen gases entered at the centre of the fuel cell, then flowed around a 
spiral gas track and exited around the outer circumference of the fuel cell. A "dummy 
cell" type humidifier (gas flowing on one side of a water permeable membrane and 
water flowing on the other side) was used on the hydrogen inlet line adjacent to the 
fue l cell. The oxygen gas entered the fuel cell unhumidified. Resistance heaters were 
attached to the fuel cell and humidifier to control the temperature of the devices. 
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Figure 3-6 Schematic of tbe prototype current distribution measurement system 
A voltmeter was connected between the hydrogen current collector and one of the 
segments of the oxygen current collector. An ammeter was connected in series with 
the fuel cell to verifY the sum of the currents measured from each of the segments. An 
oscilloscope was used to view the signal entering the computer, to identify electrical 
noise in the circuits. 
The output signal from the multiplexer was input into a data acquisition card situated 
in an IBM compatible computer. This DAQ card converts the analogue signal into a 
12 bit digital signal and controls the switching of the multiplexer. 
The experiments that were conducted for the initial stage of testing were to measure 
the current distribution at vohages from O.3V to O.95V. These measurements were 
taken at fuel cell temperatures from 31°C to 62°C and gas pressures of I barg on both 
gas streams. The temperature of the hydrogen humidifier was maintained at 
approximately 10°C above that of the fuel cell. The experiments and test conditions 
are given in Table 9. 
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Test Description Figure Cell Gas Humidifier Measured Total 
number Temp Pressure Temperature Voltage Current 
(Barg) ("C) (mY) @ 500mV 
(0C) 
H, 0 , H, 0 , (Amps) 
Increase fuel 31 1.0 1.0 23 - 300-950 3.545 
cell temperature. 31 1.0 1.0 44 - 300-950 3.439 
Flowrates 40 1.0 1.0 52 - 300-950 4.326 
adjusted for best 
52 1.0 1.0 62 - 300-950 5.091 
performance. 3-7 
62 1.0 1.0 71 - 300-950 5.365 
Table 9 Test matrix and results summary for prototype segmented current 
collector 
3.3 Results from the Prototype Segmented Current Collector 
Figure 3-7 shows a current distribution map at 0.5 vo lts for the segmented fuel cell. 
The map shows that there is a significant variation in the current density across the 
electrode surface. The current density varies from 292mA in one of the central 
segments to 558mA in one of the outer segments. This minimum current density is 29 
% below the average and tbe maximum current density is 36% above tbe average. 
o.s 
\ 
Figure 3-7 Current density map at O.S Volts, S2°C 
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Figure 3-8 compares polarisation curves for the inner 4 segments and the outer 8 
segments at cell temperatures of approximately 30·C and 50·C. For the 30·C 
operating condition, at low current densities the inner segments appear to have a 
lower Tafel slope than the outer segments. A possible explanation for this is that a 
partial flooding situation occurs in the outer segments, thereby restricting the access 
of gas to the catalyst sites. Other possible causes are given in section 3.4. 
At high current densities, i.e. greater than 100 mA/cm2, the performance of the inner 
segments drops more rapidly than the outer segments as the overpotential is increased. 
This indicates that the resistance of the MEA is greater in the centre than the outer 
portion. This could be caused by the membrane having a lower water content in the 
centre than the outside. In other words, the membrane is probably under-humidified in 
the central portion of the cell due to the unhumidified oxygen gas stream 
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Figure 3-8 Polarisation curves at 30°C 
When the temperature of the fuel cell was raised to 50·C both the inner and outer 
segments increased in current density at voltages below 0.7V. For the inner segments, 
a 25% improvement in current density was seen in increasing the temperature from 30 
to 50·C and fo r the outer segments, the increase in current density was 50%. 
Therefore, at the higher temperatures the performance of the inner segments is 
probably limited by gas and water management difficulties. Figure 3-9 shows the 
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current density trends of each segment as the temperature increases (The position of 
the segment numbers are shown in figure 3-7). This graph shows that as the cell 
temperature increases the current density also increases in an approximately linear 
fashion. This is consistent with the results obtained from the non-segmented fuel cells. 
This graph also shows that the margin of difference between the inner and outer 
segments increases as the cell temperature increases. 
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Figure 3-9 Temperature effects on segment current densities. (cell voltage, O.SV) 
3.4 Conclusions and Recommendations 
At this stage it should be noted that the results obtained with the 12 segment fuel cell 
were preliminary results to validate the current distribution measurement system, and 
to gain an insight into the variability of current density over the electrode surface. The 
effect of gas and water management is much less noticeable on a 16 cm2 fuel cell than 
the larger fuel cells. Therefore, a much greater understanding of the humidification 
problems is expected to be seen on an 80 cm2 segmented fuel cell. Also since the 
resolution of the 12 segment fuel cell is low, it is difficult to interpret the results with 
much degree of accuracy. Hence, the number of segments will be increased for the 80 
cm
2 fuel cell. 
These preliminary results indicate that the membrane is under-humidified at the inlet 
to the cell, with the effect increasing with increasing temperature. This may be 
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explained by the lack of humidification on the oxygen gas stream before entering the 
cell. This hypothesis is investigated further in chapters 4 and 5. 
The main problems that were encountered in these early measurements were the 
electrical noise induced into the voltage regulator circuits which was transferred to the 
data input line, computer software limitations, and possible errors in the outer 
segments due to the electrode overlapping the connected segments. These problems 
will be discussed in more detail below. 
3.4.1 Electrical Noise in the Data Signal 
During testing of the prototype circuit board, a high frequency nOISe signal was 
encountered. This noise signal introduced interference in the data input signal of 
approximately 15%. The noise was attributed to irlStability in the operational 
amplifiers caused by the long connection leads between the fuel cell and the circuit. 
The noise was reduced by adding a low-pass filter into the circuit. The low-pass filter, 
consisting of capacitors placed across the operational amplifiers, increased the signal 
to noise ratio from 6: I to 20: I. If a further capacitor was placed in parallel with the 
fuel cell then the signal to noise ratio increased to 100: I. 
Since it is not practical to attach capacitors across each terminal of the 88-segment 
fuel cell, these capacitors were left out of the final circuit design. An extra filter was 
added at the output of the circuit board with a break frequency of 10 Hz. This forms 
the basis of an anti-aliasing filter. The final modification on the circuit design was the 
addition of voltage reference pins at the negative input terminal to the op-amp. This 
enabled voltage reference wires to be attached between these pirlS and the positive 
terminals of the fuel cell if the noise remained a problem. This would mean that the 
current carrying wires and the voltage reference wires would be separated and 
therefore reduce the voltage drop between the fuel cell and the circuit. This required a 
significant increase in the complexity of the connections to the fuel cell, hence it was 
not implemented. 
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3.4.2 Software Limitations 
The software that was used for data acquisition was programmed to perform the 
following continuous loop. 
I. Set the multiplexer to the required channel 
2. Wait lOO milliseconds for the data input line to settle to the new value (due to the 
location ofthe filter circuit) 
3. Read one sample from the data input line 
4. Increase the multiplexer to the next channel 
5. Repeat steps 2 to 4 for each of the channels 
6. Repeats steps I to 5 for a total of sixteen times and average each channel to get an 
average reading over several seconds 
This method of continuous channel scanning leads to an unacceptably long time (>25 
seconds) to acquire one set of readings. This is caused by the software having to wait 
until the input signal settles after the multiplexer is switched. The length of time the 
software waits is limited by the filters in the circuit. In the present software, the wait 
function is called 256 times per set of readings. This could be reduced to 16 calls if a 
running average is taken. 
A running average involves writing the channel number to the multiplexer, waiting 
the length of time it takes for the input signal to settle, then taking 16 samples in quick 
succession. The multiplexer channel is then increased and all the samples averaged for 
each channel. This method of data acquisition was not possible with the present 
software, and so a dedicated software program was written. This software is described 
in section 4.4. 
3.4.3 Potential Gradients Across Outer Segments 
The electrode was sized to cover all the connected segments. This resulted in fractions 
of the outer edge of the electrode not being connected to the circuits and hence the 
voJtages at these points were not controlled. Since these areas of the electrode are 
unconnected, theoretically there should be no current flowing through them. In reality, 
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potential gradients are created across the electrodes, causing small amounts of current 
to flow from the unconnected areas into the outer segments. This will give a false 
elevated reading in the outer segments. 
Different ways to approach this problem are firstly to size the electrode to be covered 
by all the segments, thereby leaving no part of the electrode unconnected. The 
problem with this method is that the edge effects of the electrode may become 
significant over such a small scale. Secondly, the electrode could be shaped to exactly 
cover the segments. In this method, the design of the circular gas track will result in 
part of the track being open to the membrane thereby introducing unnecessary 
differences between the segmented and standard fuel cells. Edge effects of the 
electrode may also become significant in this second method. 
In order to obtain the full performance out of the electrode, for the later work it was 
decided to size the electrode to be entirely covered by all the segments. This method 
requires calibration of the outer segments which are not completely covered by the 
electrode. This maintains a uniform potential across the entire electrode surface. 
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4 Development of the 80 cm2 Segmented Fuel Cell 
The prototype segmented fuel cell demonstrated that further investigation was needed 
into the effect of gas and water management on the current distribution. In order to 
conduct the investigation an 80 cm2 fue l cell was segmented. This size of cell was 
chosen because it was one of the standard fuel cell sizes produced at Loughborough 
University Fuel Cell Group. In 1994, advanced fuel cells were achieving 
performances of up to 5.1 Alcm2 [143] with new experimental membranes such as the 
Dow membrane (XUS-13204.! 0). The transistor used in the voltage regulator circuits 
(ZTX95 I) had a maximum current sink capability of 4 Amps. To allow development 
using these membranes the maximum area of each segment was maintained at I cm2 
and hence the maximum current density would be limited 4.0 Alcm2• Using the 
circular 80 cm2 current collector, eighty-eight I cm2 segments are required to cover 
the electrode entirely. The channels were arranged to use 6 analogue channels on the 
data acquisition board, each with a 16: 1 multiplexer. 
4.1 Modification of the Voltage Regulator Circuits 
The circuit was redesigned to include the modifications outlined in section 3.4.1. The 
modified circuit design is shown in figure 4-1. A photograph of the circuits installed 
into the Eurocard size box is shown in figure 4-2. 
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Figure 4-1 Upgraded voltage regulator circuit 
Figure 4-2 Photograph of potentiostat circuits 
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4.2 Segmented Current Collector Manufacture 
The 88-segment current collector was manufactured using the same method as the 12-
segment fuel cell except that the graphite was encompassed in a wooden block. Mk I 
of the 88-segment current collector is shown in figure 4-3 and consisted of the 
following manufacturing steps:-
l. A solid block of low porosity graphite manufactured by 'Poco Graphite, Inc.' 
was cut into 1 x 1 x 8 cm sections. 
11. These sections were then arranged into a near circular block so that the 80 cm2 
circular electrode was completely covered, figure 4-3. The block had 0.5 mm 
spacers separating adjacent segments. 
Ill. Silicone rubber solution was then injected into the spaces between each of the 
segments. 
IV. A circular wooden block was cut out with a section removed from the centre 
that followed the contours of the graphite block. 
V. The graphite segments were then placed into the wooden block and the spaces 
ftIled with silicone rubber. 
VI. The holes were then drilled and tapped into the back of each graphite segment, 
extending 20 mm into the graphite. 
VII . 30 mm studs were then screwed into the back of each segment. 
VIII. A rubber disk and tufnel back plate with the pattern of screw holes drilled out 
were then attached to the back of the current collector. 
IX. The front face of the current collector was then machined with the gas track 
and the o-ring groove. 
X. The segments were then attached to the circuits using spade connectors. 
The gas track was of a segmented concentric ring design as shown in figure 3-3 . This 
design has a track width of Irnrn, a track depth of Imm and a shoulder width of2mm 
(distance between two successive gas tracks.) The o-ring groove had an inner 
diameter of 106mm. 
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Figure 4-3 Photograph showing Mk I of the 88 segment current collector (front 
face - top, back face - bottom) 
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4.3 Data Acquisition and Analysis 
The flowchart fo r this software is shown in figure 4-4. This software is written in 
Borland's 'Turbo Pascal' version 5. 
~ 1 Initialise the data I acquisition board 
~ 11 Display total 
calculated current 
Set the multiplexer 00 ~ each voltage regulator 
circui t rl Rood do<, from 
~ ovenl1 current transducer I Wait 0.2 5e(;oods I ~ 
Read channel I Repeal 200 times I , 
+ I Display measured current I 
Repeat 200 limes I 
+ 
+ If 'F' pressed on 
I ~vmgc data l keyboard then write from channel data 10 disk 
+ ~ 
Add channel data I Repeal until 'Ese' 
to the total current I "".sed 00 koyboud 
+ EJ I Repeat fOf all I I tb, bo..-ds (5) 
, 
Display the channel 
... " 
+ 
I Repeal for 111 
the channels ( 16) 
I 
Figure 4-4 Flowchart for version 1 of the data acquisition software 
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4.4 Testing of Mk I Current Collector 
A schematic of the experimental setup is shown in figure 4-5. The MEA used at this 
stage of the experimentation is given in Appendix B. The gas inlets were at the centre 
of the fuel cell and the exits were around the outer circumference. The gas track was 
of a segmented concentric ring design as shown in figure 3.3. An internal humidifier 
was used on the hydrogen line as described previously, section 3.2. A humidification 
system was not used on the oxygen line. This was due to previous results obtained at 
Loughborough University showing very little improvement with oxygen 
humidification. Resistance heaters were attached to the fuel cell and controlled via a 
temperature controller in conjunction with thermocouples placed on the fuel cell. 
A Hall-effect current transducer was attached to a steel ring placed around the zero 
volt bus bar. A voltmeter was connected between the bus bar and one of the segments 
of the oxygen current collector. Later it was discovered that the voltage losses 
between the bus bar and the hydrogen current collector were significant leading to 
large voltage drops in the readings. The resistance between these two points in the 
circuit was 7.5 x 10'" n, which results in a voltage drop of60 mV at a cell current of 
80 Amps. The results presented show the corrected voltage to account for this extra 
resistance in addition to the measured voltage. 
The experiments that were conducted on version 1 of the segmented current collector 
were to investigate the effects of temperature on the current distribution in the fuel 
cell. To investigate the effects of the segmented current collector deformation, the 
MEA in the segmented fuel cell was replaced by two carbon cloths and an external 
power supply was connected in series with the cell. By measuring the current 
distribution when a certain current was passed through the cell, the contribution to the 
total resistance due to cell distortion could be determined. This cell was designated 
the segmented resistance configuration. 
The experimental matrix for the Mk I current collector is given in Table 10. A 
photograph of the test rig during fuel cell operation is also shown in figure 4-6. A 
photograph of the test rig during resistance measurements is shown in figure 4-7. 
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Test Description Figure Cell Gas Humidifier Measured Corrected Total 
number Temp Pressure Temperature Voltage Voltage Current 
(Barg) (' C) (mY) (mY) (Amps) ('C) 
H, 0, H, 0 , 
4-8 37 1.5 2 37 - 500 517 22.0 Increase fuel 
cell temperature. 
- 51 1.5 2 51 - 500 517 22.8 
Flowrates 
adjusted for best 4-9 64 1.5 2 64 - 500 516 21.2 
performance. 85 1.5 2 85 500 512 15.6 - -
- 18 - - - - 194 186 10 Increase the 
temperature of 4-15 36 - - - - 178 170 ID 
the resistance 
configuration. - 46 - - - - 151 143 ID 
Compaction 
- 50 - - - - 135 127 10 
pressure ~ 153.4 
N/crn' 4-16 63 - - - - 96 88 ID 
throughout 86 66 58 ID - - - - -
Table 10 Test matrix and results summary for Mk I current collector. 
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Figure 4-5 Schematic of the current distribution measurement system for stage 2 
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Figure 4-6 Photograph of test rig used for Mk I and Mk n current collectors. (Fuel cell in operation) 
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__ --IGas Pressure Dials 
~_- Gas F10wrate Regulaton 
Current Clamp Meter 
Distilled Water Container 
(to supply humidifier) 
Circuit Box 
Segmented Fuel Cell 
(current collector Mk 2) 
Bus Bar (zero volts) 
. Circuit Box 
Fuel cell (containing two 
carbon cloths between 
the current collectors) 
Temperature controller 
Current Clamp Meter 
Figure 4-7 Photograph of test rig used for Mk I and Mk n current collectors. (Fuel cell in resistance testing mode) 
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4.4.1 Results from the Mk I Current Collector 
Figures 4-8 and 4-9 show current distribution maps at temperatures of 37 and 64 °C 
respectively. At 37°C, the current density varies from approximately 100 mNcm2 in 
the centre of the fuel cell to a maximum of 440 mNcm2 towards the outer 
circumference of the cell . When the fuel cell temperature is increased to 64°C, the 
current density in the central region drops to zero, spreading further out as the 
temperature is increased. 
Current 
Density 
IAlcm2) 
Segment 
Figure 4-8 Current density map at 37°C, 0.517 V 
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Figure 4-9 Current density map at 64°C, 0.516 V 
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These maps were then divided into five zones that represent equidistant concentric 
circles, with zone 1 relating to the central ring of segments and zone 5 relating to the 
outer ring of segments. The position of the zones with reference to the gas flow 
channel and current density map is shown in figure 4-10. Figure 4-11 shows the effect 
of temperature on each of these zones. This graph shows that above 50°C the current 
density of the inner three zones decreases to zero, and the current density of the outer 
zones decrease as the temperature increases. These results are contrary to previous 
results obtained on standard cells of similar size, figure 4-12, where the average cell 
current increases as the temperature increases. This graph shows that as the 
temperature rises from 30 to 95 °C the total current produced by the fuel cell doubles. 
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Figure 4-10 Positions of zones and flow channel relative to current density maps 
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Figure 4-11 Temperature effects on zona l distribution. 
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The reasons for these erroneous results obtained from the segmented cell could be 
caused by gas and water flow problems or deflection of the cell as described in 
chapter 3. In order to obtain a greater insight into the problem, polarisation curves 
were obtained from the cell. The shape of a polarisation curve may indicate whether 
the cell has a high resistance, a high Tafel slope or mass transport problems, Section 
1.8.3. 
Figures 4-1 3 and 4-14 show polarisation curves for the segmented cell at 37 and 64°C 
respectively. At 37°C the initial slope of the curves follows the order zone l-zone2-
zone3-zone5-zone4 from maximum to minimum, which indicates that zone I has the 
highest activation overpotential and zone 4 the lowest activation overpotential. The 
slope of the curves at lower voltages also shows the same trend, with zone 1 having 
the highest resistance and zone 4 the lowest resistance. 
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Figure 4-13 Polarisation curves at 37°C 
At 64°C the gradients of zones I to 3 are almost vertical indicating either very high 
activation overpotentials or very high resistances. In addition, zone 4 has decreased, 
while zone 5 has increased from the 37 DC condition. Further investigation was 
needed in order to understand the processes involved. 
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Figure 4-14 Polarisation curves at 64°C 
Figures 4-8 and 4-9 also show that there is a large variation in the current densities 
obtained from adjacent segments. This variation could be caused by the difference in 
lOO 
contact pressure between the segments and the cloth electrode or by variations in gas 
flow between adjacent segments, hence further investigation was required. 
In order to determine the influence of the cell deflection and segment irregularities 
each of the segment electrical resistances were measured using the segmented 
resistance configuration. Figures 4-15 and 4-16 show conductance maps for cell 
temperatures of 36 and 63°C respectively. Conductance maps were produced as 
opposed to resistance maps so that a direct comparison between the fuel cell current 
distribution maps and the conductance maps could be made. In addition, when the 
segment current approaches zero, the resistance of that segment approaches infInity 
and hence when the resistance map is displayed the large ohmic scale necessary to 
display the high resistances conceals the important data at the lower resistances. 
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Figure 4-15 Conductance map for resistance configuration at 36°C. 
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Figure 4-16 Conductance map for resistance configuration at 63°C. 
Comparing figures 4-15 and 4-16 with the current distribution maps obtained at 
similar temperatures, figures 4-8 and 4-9, show similar trends in the distribution. 
Hence, these figures indicate that the variation between segments is mostly caused by 
the irregularity in the resistances between segments. Also, since the distribution of the 
conductance map at 63°C shows a large depression in the centre of the cell along with 
the associated current distribution map, this effect appears to be caused by the 
deflection of the cell as the temperature increases. 
These effects can also be seen with reference to figure 4-17. This graph shows similar 
trends to the current density against temperature graph in figure 4-11. At low 
temperatures (less than 36°C), the conductance increases in the order zone 1 < zone 2 
< zone 3 < zone 5 <zone 4. Above 36°C, the conductance of zone 5 increases until it 
reaches a maximum at 46°C, after this the conductance decreases. The conductance of 
zones I to 4 decrease above 36°C with zones I to 3 reaching zero conductance at 
approximately 50°C. 
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Figure 4-17 Temperature effects on zonal distribution 
The results presented above reflect the problems associated with the design of the 
current collector. There are large variations in the resistances between adjacent 
segments and the cell deflection becomes significant above 50 ·C causing the central 
segments to bow away from the electrode. The probable reason for this is due to the 
silicone rubber that is interspersed between the segments softening at the higher 
temperatures, thereby causing a greater shearing action between the segments. The 
tufnol back plate, rubber separator and epoxy layer oppose this motion, but since their 
moduli of elasticity are low, and the thickness' high, relatively large deflections are 
likely. The rubber separator was incorporated to regulate the stresses across the 
segments, whereas a better solution would have been a solid back plate with a high 
modulus of elasticity. 
At least in part the variation in current density between segments during fuel cell 
operation was due to the measurement system. A design improvement was required to 
reduce the effects of cell distortion. 
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4.5 Modification of the Segmented Current Collector 
In order to alleviate the distortion of the segmented current collector a steel back plate 
was fitted. The steel plate (dimensions 10 x diameter 150 mm) was drilled with the 
pattern of screw holes. The rubber disk and tufnol back plate were removed and the 
steel plate placed onto the back of the current collector with a thin layer of epoxy 
resin. The epoxy resin seeped through the holes, thereby insulating the screws from 
the steel back plate. Figure 4-18 shows a picture of the Mk II current collector 
attached to the anode current collector. 
Figure 4-18 Photograph ofMk II current collector 
104 
4.6 Testing of Mk 11 Current Collector 
The test rig set-up and data acquisition for the testing of the Mk II current collector is 
given in section 4.4. The segmented fuel cell was first operated in the segmented 
resistance configuration to ascertain the influence of the cell deflection on the current 
distribution at various temperatures. The effect of temperature on the current 
distribution in the segmented fuel cell containing a membrane-electrode-assembly 
was then investigated. Table 11 shows a list of the experiments and conditions 
conducted on the Mk II current collector. 
Test Description Figure Cell Gas Humidifier Measured Corrected Total 
number Temp Pressure Temperature Voltage Voltage Current 
(Barg) ('C) (mY) (mY) (Amps) ('C) H, 0, H, 0, 
4-19 34 - - - - 181 143 50 Increase the 
temperature of 
- 46 - - - - 151 113 50 
the resistance 
configuration. - 56 - - - - 116 78 50 
Corn paction 
- 69 - - - - 89 51 50 
pressure = 153.4 
N/cm' 4-20 82 - - - - 70 32 50 
throughout. 
93 61 23 50 - - - - -
4-22 37 2 3 37 - 500 525 33.2 
Increase fuel 
- 46 2 3 46 - 500 527 36.5 
cell tern perature. 
Flowrates 
- 62 2 3 62 - 500 529 38.2 
adjusted for best 
performance. - 76 2 3 76 - 500 529 39.1 
4-23 86 2 3 86 - 500 529 38.7 
Table 11 Test matrix and results sum mary fo r Mk 11 current collector 
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4.6.1 Results from the Mk 11 Current Collector 
Conductance maps for 36°C and 63°C are shown in figures 4-19 and 4-20. At 34°C 
the conductance of the segments varies from 0.06 S/cm2 to 11 S/cm2. This variation is 
randomly spaced signifying that at this temperature the current collectors did not 
deflect significantly. However, comparing the Mk I and Mk 11 current collectors, 
figures 4-19 and 4-15, shows a distinct increase in the segment to segment variation in 
conductance. Although the maximum conductance had more than doubled, the 
minimum conductance had decreased to almost zero. This effect was thought to be 
caused by the rigidity of the steel back plate resulting in a greater variation in the 
contact pressures between the segments. Since the contact pressure affects the contact 
resistance between the current collector and the carbon cloth, this would result in an 
increase in the resistance variation between segments. 
The conductance map at 82°C shows that there is a significant improvement in the 
deflection of the cell with the steel back plate. This effect can be seen more clearly in 
figure 4-21 , which shows the zonal distribution with respect to temperature. At 34°C 
the conductance of zone I is 85% of the average cell conductance, whereas at 83°C 
zone I decreases to 73% of the average cell conductance. This indicates that there is 
still a small bowing effect of the cell at the higher temperatures, but the effect has 
been reduced significantly from the Mk I current collector. 
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Figure 4-19 Conductance map at 34°C 
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Figure 4-21 Temperature effects on zona l distribution 
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For the fuel cell operating at a temperature of 37°C the current distribution map, 
figure 4-22, shows a depression in the centre of the cell, measuring zero current 
density over 5% of the cell area. The current density then increases to a max.imum of 
over 1100 rnAlcm2 close to the midpoint of the radii and decreases again towards the 
circumference of the cell. As the temperature increases the depression in the centre of 
107 
the cell becomes more pronounced. Figure 4-23 shows that when the cell temperature 
reaches 86°C the central depression has spread to cover over 20% of the cell area. 
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Figure 4-22 Current density map at 37°C, 0.525 V 
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Figure 4-23 Current density map at 86°C, 0.529 V 
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Figure 4-24 shows the influence of temperature on the zonal distribution. The current 
density in zone I is zero at all temperatures, zone 2 decreases as the temperature 
increases, whereas zones 3, 4 and 5 show a general tendency to increase as the 
temperature increases. The total cell current is shown to increase with increasing 
temperature, which approaches the results shown in figure 4-12. However, there still 
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appears to be a discrepancy between the increase of current density with temperature 
between the standard fuel cell and the segmented fuel cell. 
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Figure 4-24 Temperature effects on zonal distribution 
The substitution of the steel back plate instead of the rubber disk and tufnol back plate 
has shown significant improvements in the deflection of the cell, especially at the 
higher temperatures, and in the resistance variation between segments. The low 
current densities encountered in the central and outer portions of the cell appear to be 
caused by both cell deflection and gas and water distribution problems. However, the 
cell deflection and resistance variation between segments remains a problem. 
Therefore, the segmented current collector was redesigned to reduce the overall 
movement of the segments and improve the segment to segment variation. 
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4.7 Redesign of the Segmented Current Collector 
The experimental studies conducted on the previous segmented current collectors (Mk 
I and II) revealed design flaws that resulted in uneven compaction pressures from the 
segments, and deflection of the centre of the cell away from the electrode surface. A 
new design of segmented current collector was therefore established to alleviate these 
problems. 
In order to reduce the movement between segments to a minimum, the silicone rubber 
that separated the segments was replaced by a high-temperature epoxy resin. The gap 
between the segments was also reduced by using a cutting saw to machine grooves 
into a solid block of graphite. The procedure for the manufacture of version 3 of the 
segmented current collector is as follows; 
l. A block oflow porosity graphite (140 x 140 x 30 mm) was obtained. 
11. Grooves were cut to the midpoint of the graphite in a cross-hatch pattern using 
a 0.25 mm wide cutting saw. 
m. The grooves were then injected with Araldite™ 2014 epoxy resin at high 
pressure. 
IV. Steps n and ID were repeated from the opposite side of the graphite block so 
that the grooves connected at the midpoint of the graphite block. 
V. The segmented block was then machined into a circular block (diameter 
120mm.) 
VI. The graphite block was placed into a steel cylinder (l25mm I.D., 150 mm 
O.D., 50 mm thick) separated by a layer of epoxy resin. 
VII. A Tufnol insulating plate was then placed on top of the graphite block on a 
layer of epoxy resin. 
VIn. The holes for the connections to each of the segments were then drilled and 
tapped, and studs screwed in place. 
IX. A layer of epoxy resin was applied to the tufuol plate and a steel back plate 
(with the pattern of holes drilled out) was placed on top ensuring no short 
circuit occurred between the steel plate and any 0 f the studs. 
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X. The gas track and O-ring groove were machined into the front face of the 
current collector. 
XI. The circuit wires were then attached to each of the studs with fibre washers 
separating them from the steel back plate. 
An exploded view of the current collector is shown in figure 4-25 and a photograph of 
the completed segmented current collector is shown in figure 4-26. 
Figure 4-25 Exploded view of the Mark III segmented current collector 
III 
Figure 4-26 Pbotograpb of tbe segmented current collector Mk III 
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4.8 Testing of the Mk III Current Collector 
The experimental setup used in this part of the investigation is described in section 
4.4. For the resistance configuration, the voltage measurements were made either side 
of the gas diffusion layer so no voltage corrections were necessary. A photograph of 
the test rig, circuit box and fuel cell operating in the segmented resistance 
configuration is shown in figure 4·27. 
An external "dummy cell" type humidifier was added to the oxygen inlet line in the 
latter experiments. The MEA used in these experiments is given in appendix B. 
The effect of temperature and compaction pressure on the current distribution was 
investigated for the segmented resistance configuration. The experiments that were 
conducted on the segmented fuel cell were to investigate the effects of temperature, 
gas pressures and compact ion pressures on the current distribution. Several 
polarisation curves were obtained to ascertain the effects of the operating conditions 
on the overpotentials in the fuel cell. The experimental matrix for the resistance 
configuration is shown in Table 12 and the experimental matrix for the fuel cell 
configuration is shown in Table 13 . 
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Figure 4-27 Photograph of test rig used for Mk ill current collector 
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Potentiostat 
Circuit Box 
Circular Triad 
Connectors from 
Fuel Cell to Circuits 
Segmented Fuel Cell 
Resistance Heaters 
on Fuel Cell 
Test Description Figure Cell Compaction Measured Corrected Total 
number Temp Pressure Yoltage Yoltage Current 
("C) (N/cm' ) (mY) (mY) (Amps) 
22 76.7 207 - 50.2 
32 76.7 199 - 50.1 
Increase the 4-28 41 76.7 183.6 - 50.1 
temperature of 51 76.7 158.6 - 50.1 
the resistance 63 76.7 134.9 50.2 -
configuration . 
73 76.7 121.1 50.2 -
80 76.7 99.9 - 50.1 
4-29 85 76.7 78.0 - 50.2 
Increase the 20 76.7 188.6 - 50.1 
compaction 20 153.4 148.0 - 50.1 
pressure of the 4-31 20 230. 1 109.8 - 50. 1 
resistance 20 306.8 87.4 50.1 -
configuration 
20 383 .5 74.3 50.1 -
20 460.2 65.5 - 50.1 
Increase the 70 76.7 76.0 - 50.4 
compaction 70 153.4 54.0 - 50.4 
pressure of the 
70 230.1 45.0 50.4 4-32 -
resistance 
configuration 70 306.8 37.0 - 50.4 
70 383 .5 33 .0 - 50.4 
Table 12 Test matrix and results summary for Mark III current collector 
(Segmented resistance configuration) 
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Test Description Figure Cell Gas Humidifier Measured Corrected Total 
number Temp Pressure Temperature Voltage Voltage Current 
(Barg) ("C) (mV) (mY) (Amps) (0C) 
H, 0 , H, 0 , 
Increase 4-34 30 2 2 30 - 500 515 20.4 
temperature of 40 2 2 40 500 517 22.3 fuel cell. -
Flowrates 50 2 2 50 - 500 518 24.6 
adjusted for best 
performance 4-35 60 2 2 60 - 500 519 25.6 
Polarisation 27.0 
curve at 4-36 60 2 2 60 950~ 950~ @ constant - 300 331 520 
flowrate mV 
Increase gas 4-38 60 3 3 60 - 500 524 32.4 pressures 
Comp-
action 
pressure 
(N/cm' ) 
Increase 76.7 50 3 3 50 - 500 520 26.3 
compact ion 
pressure of fuel 153.4 50 3 3 50 - 500 522 28.9 
cell. Flowrates 
maintained 230.1 50 3 3 50 - 500 523 31.0 
constant. 306.8 50 3 3 50 500 524 32.4 -
Figure 4-38 383.5 50 3 3 50 - 500 525 33.2 
Table 13 Test matrix and results summary for Mark III current collector (Fuel 
Cell configuration) 
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Test Description Figure Cell Gas Hwnidifier Measured Corrected Total 
nwnber Temp Pressure Temperature Voltage Voltage Current 
(8arg) (QC) (mY) (mY) (Amps) 
eC) 
H2 02 H2 O2 
4-40 29 2 2 29 29 500 524 32.0 
35 2 2 35 35 500 527 35.4 
39 2 2 39 39 500 529 38.1 
40 2 2 40 40 500 532 42.2 
42 2 2 42 42 500 533 44.0 
Increase 
temperature of 49 2 2 49 49 500 535 46.2 
fuel cell. 52 2 2 52 52 500 535 47.2 Flowrates 
adjusted for best 
performance 
54 2 2 54 54 500 537 48.8 
55 2 2 55 55 500 537 49.9 
57 2 2 57 57 500 538 50.9 
4-41 60 2 2 60 60 500 543 57.9 
61 2 2 61 61 500 544 59.1 
62 2 2 62 62 500 545 60.5 
Polarisation 56.2 
curve at 57 2 2 57 57 950~ 950~ @ constant 300 351 542 flowrate 
mV 
Polarisation 60.4 
curve at 4-44 66 2 2 66 66 950~ 950~ @ constant 300 356 545 flowrate 
mV 
Polarisation 63.5 
curve at 4-45 70 2 2 70 70 950~ 950~ @ constant 300 360 548 flowrate 
mV 
Polarisation 70.7 
curve at 80 2 2 80 80 950~ 950~ @ constant 300 366 553 flowrate 
mV 
Polarisation 80.0 
curve at 4-46 75 3 5 75 75 950~ 950~ @ constant 300 372 560 f10wrate 
mV 
Table 13 (continued) 
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4.8.1 Results from the Mk III Current Collector 
Initially, the Mk ill segmented current collector was tested for distortion at a range of 
temperatures and compaction pressures. Figures 4-28 and 4-29 show conductance 
maps at 41°C and 85°C respectively. At 85°C there appears to be no appreciable 
change in the distribution compared to the 41 °C condition, although the magnitudes of 
the conductance have more than doubled. Therefore, the deflection of the cell at the 
higher temperatures was negligible in the Mk ill current collector design. These 
observations may also be seen in figure 4-30, which shows the zonal variation with 
temperature. This graph shows that as the temperature increases, the variation of 
current density between the zones remains approximately constant. 
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Figure 4-28 Conductance map for resistance configuration at 41°C 
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Figure 4-29 Conductance map fo r resistance configuration at 85°C 
Figure 4-30 also shows an increase of the average conductance from 2.2 S/cm2 at 
22°C to 6.0 S/cm2 at 85°C, an increase of over 170%. This may be explained by the 
silicone o-rings, which at low temperatures support much of the compaction force 
between the two current collectors, but as the temperature increases, the o-rings soften 
and hence reduce the force that they support. Therefore, although the compaction 
pressure is maintained constant as the temperature is increased, the force exerted by 
the current collectors on the carbon cloth increases. Since the force between the 
current collectors and the carbon cloth increases with temperature, the contact 
resistance decreases resulting in the increased conductance. 
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Figure 4-30 Temperature effects on zonal distribution for resistance 
configuration 
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The effect of compaction pressures on the zonal distribution are shown in figures 4-31 
and 4-32 at 20'C and 70' C respectively. The variation between the zones remains 
approximately constant in both graphs, which indicates that the ceU deflection is 
negligible with increasing compact ion pressure. Both graphs also demonstrate a " l /x" 
type relationship between resistance and compaction pressure. Hence the resistance 
increases rapidly as the compaction pressure approaches zero, and approaches a 
minimum value as the compact ion pressure increases above 0.4 kN/cm2 At 20'C this 
minimum value is 0.1 ohmlcm2 and at 70'C it is 0.06 ohmlcm2 
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Figure 4-31 Effect of compaction pressure on zonal distribution at 20'C 
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Figure 4-32 Effect of compact ion pressure on zonal distribution at 70'C 
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In order to compare the variations in resistance between segments in the different 
current collectors, the standard deviation for each current collector is calculated from 
the resistance measurements using the following equation: -
Equation 4.1 
Where a is the standard deviation 
n is the number of data-points = 88 
Xi is the data-point i 
and Xm is the mean value of the data-points 
The standard deviations for the different current collectors at low and high 
temperatures are given in figure 4-33. Current collector Mk I shows a large increase in 
the standard deviation at the high temperature, the explanation for this has been 
explained previously, section 4.4.1. Current collector Mk IT shows a significant 
reduction in the standard deviation at the higher temperature, but the standard 
deviation at the lower temperature has increased. Current collector Mk ID shows that 
the standard deviations at both temperatures have been significantly reduced to less 
than 0.2 O/cm2 
Adjusting these values for the differing resistances between the cell operating as a fuel 
cell (current density at 0.5 V = 1 A/cm2) and in the segmented resistance 
configuration gives a standard deviation in current density of 0.0588 A/cm2 and 
0.0360 A/cm2 for 41°C and 85°C respectively. This relates to a variation of II % at 
41°C and 4% at 85°C. At lower current densities in the fuel cell, due to the higher 
resistances, the standard deviations would be even smaller than the above values. 
The final two columns in figure 4-33 show the effect of compaction pressure on the 
standard deviations of the cell. The standard deviation increases from 0.19 to 0.24 
nlcm2 with an increase of compact ion pressure from 0.15 to 0.46 kN/cm2• 
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Figure 4-33 Standard deviations of the different segmented current collectors 
The results presented in figures 4-34 and 4-35 show current distribution maps at 300e 
and 600e respectively for the fuel cell operating without humidification on the oxygen 
feed gas line, At 30oe, the current distribution map shows a depression in the central 
portion of the cell where the current density varies from 10 to 50 mAlcm2 The current 
density then increases to a maximum of 400 mAlcm2 at a radius of approximate ly 30 
mm, and decreases to between 50 and 200 mAlcm2 around the circumference of the 
cell. 
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Figure 4-34 Current density map, 0.515 V, 300 e, unhumidified cathode 
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Figure 4-35 Current density map, 0.519 V, 60°C, unhumidified cathode 
At 60oe, the current density in the centre of the cell reduced to zero and this 
depression spread out to a radius of approximately I cm. The higher temperature 
results in an improvement in the maximum current density to 600mAlcm2, which 
again occurs at a radius of approximately 30 mm. When compared to the 300e current 
distribution map, the cell performance increases slightly around the circumference of 
the cell resulting in current densities between 150 and 400 mA/cm2• Both these 
current distribution maps also show significant variations between the different 
sextants of the gas flow path. 
Figure 4-36 shows polarisation curves obtained at a cell temperature of 60oe. As 
before, zone I represents an inner ring of diameter 20 mm, and zones 2 to 5 represent 
concentric rings increasing in diameter by 20 mm. This graph shows that the 
activation and resistance overpotentials are a maximum for zone I, and then decrease 
to zone 4 where the current density is 645 mAlcm2 at O.3V. The activation 
overpotential is lowest in zone 5, but mass transport limitations can be clearly seen to 
come into effect in this zone. 
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Figure 4-36 Polarisation curve at 60oe. unhumidified cathode. 
Figure 4-37 demonstrates the effect of temperature on the zonal distribution of current 
density. These results show that at 30'e the average current density varies from a 
minimum of 185 mA/cm2 in zone I to a maximum of 300 mA/cm2 in zone 3. As the 
temperature increases to 50°C the average current density in zone I decreases, zone 2 
remains approximately the same, and zones 3, 4 and 5 increase linearly. As the 
temperature increases to 60'C the current density in zones I , 2 and 3 decrease rapidly, 
whereas in zones 4 and 5 the current density continues increasing in a linear fashion. 
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Figure 4-37 Temperature effects on zonal distribution 
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A comparison between the current distribution maps presented in figures 4-35 and 4-
38 show the effect of increasing the hydrogen and oxygen inlet pressures from 2 to 3 
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barg on the current distribution. At 3 barg, the central depression has been 
significantly reduced, equating to a current density of between 10 and 60 mAlcm2 
The maximum current density increases to 650 mAlcm2 at the midpoint of the radius, 
and the outer segments increase to between 200 and 500 mAlcm2• This results in the 
average current density increasing from 320 to 405 mAlcm2• 
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Figure 4-38 Current density map, 0.524 V - 60°C - 3 barg H2 & O2 
The results presented above show that as the temperature increases the performance 
around the inlet portion of the gas track decreases, eventually reaching zero above 
60°C. The polarisation curve for this condition demonstrates that the potential losses 
are caused by excessively high resistances in the central portion of the cell. This 
indicates that the high resistances are caused by under-humidification of the 
membrane, since the results obtained from operation of the cell in segmented 
resistance configuration showed a negligible change in the current distribution with 
increasing temperature. 
At low temperatures, the water produced at the cathode humidifies the membrane 
causing adequate conductivity on the cathodic side of the membrane. At higher 
temperatures, this product water evaporates more rapidly, and hence the water 
diffuses away from the cathodic side of the membrane faster than it can diffuse 
through the membrane from the anodic side, causing the membrane to 'dry out ' . 
Further down the cathode gas track, the product water evaporates into the oxygen gas 
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thereby increasing its specific humidity. Consequently, as the oxygen flows along the 
gas track, the level of evaporation of the water from the electrode decreases, resulting 
in sufficient hydration of the membrane further down the gas track. 
An increase in the gas pressure results in a lower activation overpotential, which 
corresponds to higher current densities. This increases the water produced at the 
cathode thereby moving the point at which the membrane becomes significantly 
hydrated nearer to the inlet. These effects are compounded by the water content in the 
hydrogen gas stream increasing with pressure, and the water carrying capability of the 
oxygen gas stream also increasing with pressure. 
Figure 4-39 shows the effect of increasing the compaction pressure on the zonal 
distribution of the fuel cell. At a compaction pressure of 0.075 kN/cm2 the current 
density varies from 70 mAlcm2 in zone 1 to 400 mAlcm2 in zone 3. As the 
compaction pressure increases, zones 2 to 4 increase uniformly, while zones I and 5 
both reach a maximum of 210 and 310 mAlcm2 respectively at approximately 003 
kN/cm2 The compact ion pressure results obtained when operating the fuel cell follow 
the same characteristics as when the fuel cell was operated in segmented resistance 
configuration. Therefore, the gas and water transport doesn't appear to be affected by 
increasing the compact ion pressure. 
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Figure 4-39 Compaction pressure effects on zonal distribution 
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The results presented above, figures 4-34 to 4-39, were obtained during the 
conditioning period of the MEA. When the above results were compared with those 
obtained after the conditioning period it was deduced that the overall magnitude of the 
current density was reduced by approximately 50% of a fully conditioned MEA. 
Figures 4-40 and 4-41 show current distribution maps at 29°C and 60°C respectively 
for the segmented fuel cell operated with both feed gas lines humidified before 
entering the fuel cell. At 29°C, the current density varies between 300 and 400 
mA/cm2 in the central portion and increases to a maxjmum of 550 - 600 mA/cm2 
towards the circumference. Again, there is a sjgnificant variation between the 
different sextants of the gas flow paths, with the current density approachlng 150 
mA/cm1 in the sextant closest to the gas ex..it pipes. 
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Figure 4-40 Current density map, 0.524 V - 29°C, humidified cathode 
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Figure 4-41 Current density map, 0.543 V - 60°C, humidified cathode 
At 60°C the current distribution remains similar to the 30°C condition, the current 
density varying from 500 mAlcm2 in the centre of the fuel cell to 1000 mAfcm2 
around the circumference. The current density in the outer segments remains 
approximately equal to that obtained at 30°C. This current distribution map indicates a 
more substantial variation between sextants of the gas flow path, with the current 
density dropping to 150 mAlcm2 in the sextant closest to the exit pipes. 
These graphs show that by humidification of the oxygen gas stream the current 
density in the central portion of the cell may be increased to the levels of the 
surrounding areas. 
The polarisation curves at 60°C, figure 4-42, shows that the current densities in zones 
1 and 2 have increased substantially from when no oxygen humidification was 
present, figure 4-36. This polarisation curve shows similar activation overpotentials 
for the whole fuel cell. The resistances though increase from a minimum in zone 5 
through to a maximum in zones 2 and 3. The mass transport limitations can also be 
seen to come into effect in zones 3 to 5. This is thought to be due to the extra water in 
the gas streams limiting the oxygen diffusion through the gas diffusion layer to the 
catalyst sites and thereby lowering the partial pressure of oxygen. 
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Figure 4-42 Polarisation curve for humidified cathode, 60°C 
The general effects of temperature on zonal distribution in the segmented cell can be 
seen in figure 4-43 . This graph was obtained while varying the gas flow rates and 
humidification levels during heating of the fue l cell from 29°C to 62°C. The reading 
obtained at 39°C appears to be lower than expected, especially in zone 5 around the 
circumference of the cell. This can be explained by a low oxygen flowrate during the 
acquisition of this data point. This rate of gas flow is insufficient for the removal of 
the product water from the catalyst sites resulting in a restriction in the transport of the 
reaction gases to the catalyst sites. At 40°C, the oxygen overflow is increased which 
results in a substantial improvement in the current density in zone 5 and an overall 
improvement in the total cell current. A similar problem occurs for the readings 
obtained at 49°C-58°C, which give low current densities for zone 5. The oxygen 
flowrate was again increased at 60°C resulting in an improvement in the overall cell 
current particularly in zone 5. 
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Figure 4-43 Temperature effects on zonal distribution 
Figures 4-40 to 4-43 show that by humidifying both the hydrogen and oxygen gases 
prior to entering the fue l cell the high resistances in the central part of the cell can be 
eliminated. 
The effect of reversing the direction of the oxygen gas is shown in figures 4-44 and 4-
45. The current distribution map and associated polarisation curve for a centrally fed 
cathode, figure 4-44, show a significantly lower performance in the central region of 
the fuel cell (zones I and 2). This was thought to be a result of the higher cell 
temperature and lower humidification of the feed gases. Since the relative humidity of 
the feed gases was not measured at this stage of experimentation, this hypothesis 
could not be verified. The current distribution map and associated polarisation curve 
for an edge fed cathode, figure 4-45, shows that the current densit ies are only slightly 
lower in the central zone, they then increase to zones 2 and 3, and fmally drop off 
again towards zone 5, where they are a minimum. 
The reversed cathode configuration results in the hydrogen and oxygen gases flowing 
in the opposite direction. This signifies that the oxygen gas is input at the point in the 
cell where the hydrogen gas exits. Therefore, if the feed gases are under-humidified, 
the high water content towards the exit of the hydrogen gas stream will be trartSferred 
to the inlet of the oxygen gas stream by electro-osmotic drag. Correspondingly, the 
high water content towards the exit of the oxygen gas stream will be trartSferred to the 
inlet of the hydrogen gas stream by diffusion through the membrane. This results in 
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the membrane being sufficiently hydrated across the whole area of the fuel cell, and 
hence producing a uniform current distribution. 
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Figure 4-44 Current density map and associated polarisation curve, 66°C - 2 
barg H2 , 2 barg O2 - centrally fed cathode 
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Figure 4-45 Current density map and associated polarisation curve, 70°C - 2 
barg H2 , 2 barg O2 - reversed cathode flow 
The effects of increasing the pressure on the current distribution and polarisation 
curve can be seen in figure 4-46. The current distribution map shows very little 
change in the distribution when the pressure is increased from 2 and 3 barg to 3 and 5 
barg for the hydrogen and oxygen gas streams respectively. However, the magnitude 
of the current densities increases by approximate ly 14%. The polarisation curve 
shows that the magnitude of the current densities in zones 2 to 5 increase 
proportionally as expected with an increase in pressure, but the current densities in 
zone I remain at the same values. The effect of the mass transport limitations has also 
been significantly reduced. 
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Figure 4-46 Current density map and associated polarisation curve, 75°C - 3 
barg H2 , 5 barg O2 - reversed cathode flow 
4.9 Conclusions and Recommendations 
This chapter describes the development of the segmented current collector. The 
experimental studies conducted on the Mk I and II segmented current collectors 
showed that there were large variations in the contact pressures between the segments. 
As the temperature of the cell was increased, there was also a tendency for the current 
collector to bow away from the electrode in the central portion of the cell. The 
increased stiffness of the Mk II segmented current collector showed a lower tendency 
for the current collector to bow away from the electrode at the higher temperatures. 
These problems were solved by manufacturing a substantially stiffer segmented 
current collector (Mk Ill) using graphite encapsulated in steel with an epoxy resin 
inserted between the segments for insulation. The Mk III current collector gave a 
standard deviation in resistance of around 0.2 0.lcm2 at all values of temperature and 
compact ion pressure. 
The experimental studies conducted on the fuel cell operating on hydrogen and 
oxygen during the conditioning period of the MEA show a large depression in the 
central region of the cell, which becomes more pronounced as the temperature was 
increased. The polarisation curve at 60°C showed that this depression was caused by 
large resistances in the centre of the cell. These high resistances were a resultant of 
the dehydration of the membrane induced by the lack of humidification of the oxygen 
gas stream prior to entering the fuel cell. 
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The addition of an oxygen humidifier alleviated the low current densities occurring at 
the centre of the fuel cell. Uniform current distribution maps were obtained at a range 
of temperatures and compaction pressures when both inlet gases were humidified. 
Polarisation curves were also obtained at a range of cell conditions. 
The two current collectors were also bolted together with two carbon cloth electrodes 
separating them. A constant current power source was then placed in the circuit with 
the positive terminal attached to the hydrogen current collector and the negative 
terminal attached to the bus bar. Measurements of the conductance of the carbon 
cloths were used to determine the variations between the currents flowing through 
each segment. The effects of temperature and compaction pressure upon the 
conductance of the carbon cloths were also investigated. As the temperature of the 
cell was increased from 22 to 85°C the conductance of the cloths increased from 2.2 
S/cm2 to 6.0 S/cm2 This effect was probably caused by the o-rings softening as the 
temperature was increased, resulting in a greater force exerted on the carbon cloths by 
the current collectors. As the compaction pressure was increased, the resistance of the 
carbon cloths decreased in a "1/x" type relationship. 
The experimental studies in this chapter have shown a good insight into the effects of 
the feed gas humidities on the performance of a solid polymer fuel cell. The 
interpretation of these results though is limited due to the reactant gas humidities, 
flowrates and temperatures not being measured. These factors were addressed and are 
reported in chapter 5. 
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Chapter 5 
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5 Effects of the Feed Gas Humidification on the Current 
Distribution 
The previous two chapters describe the development of current distribution 
measurement at Loughborough University. The results presented in the last chapter 
showed that the standard deviations in the current between the segments of the current 
collector had been reduced to an acceptable value. These results also showed that a 
significant improvement in performance could be achieved with the humidification of 
both reactant gases before entering the cell. Although these tests demonstrate the 
effects of various parameters on the spatial distribution of current density in the cell, 
the value of the results are limited by the basic measurement system. The 
measurement system consisted of an 88-channel potentiostat along with rudimentary 
gas flow controls i.e. pressure regulators before the cell, and manual control valves 
after the cell. Therefore, in these initial tests no measurement was taken of the gas 
flow rates or the humidities in the system. 
In order to conduct an extensive humidification study of the operation of the 
segmented fuel cell, the test rig had to be upgraded to include measurement and 
analysis of the gas flow rates, pressures, temperatures and hurnidities in addition to 
the cell voltage and current distribution. This chapter introduces the reader to the 
design and construction of the measurement system, and presents the results of the 
parametric study on the performance of a solid polymer fuel cell. 
5.1 Experimental Design 
When designing a suitable experimental strategy there are a number of stages to 
consider; 
I. Defming the problem, includes defining the phenomena of interest, the responses, 
the factors to study, and the limits of the experimental factors 
2. Preliminary investigation, includes examining the possible experimental errors, the 
experimental limitations, and conducting tests to determine these factors 
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3. Choice of the design, includes deciding on the controllable factors, reducing the 
influence of the uncontrollable factors, whether to reduce the number of data points 
by the use of fractional experimental designs, whether to make measurements at a 
datum, etc 
4. Run the experiments, including continually assessing whether the experimental 
design needs to be changed 
5. Interpretation of results - are there any suspect values? Are the errors within 
acceptable values? Is there any follow up tests required? 
For this project the statement of the problem is: 
• To investigate the feed gas humidities on the spatial performance m a solid 
polymer fuel cell 
• To fmd the ideal values for the feed gas humidities which give maximum 
performance 
• To produce a humidity operational map for the specific design of fuel cell used in 
this project 
The main output response is the performance of the fuel cell, including the voltage, 
spatial distribution of current and overall power output from the cell. The parameters 
that affect the performance of the fue l cell may be divided into controllable and 
uncontrollable factors. 
5.1.1 Controllable factors 
Voltage 
As discussed in chapter 3, the fuel cell used m this project IS operated in 
potentiostatic mode and therefore the voltage is controlled at a particular value while 
the currents from each of the segments are measured. The maximum power from a 
fuel cell usually occurs between 0.5 and 0.6 vo lts. Therefore, the vo ltage point used 
fo r this investigation was 0.5 V fo r maximum power. 
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Hydrogen, Oxygen and Air Pressures 
Although pressurised hydrogen produces improvements in performance, the most 
significant effects are observed by increasing the oxygen or air pressure. A trade-off 
between the power required pressurising the oxidant and the extra power obtained 
from the fuel cell occurs between 1 and 3 bar gauge for air. Therefore to obtain 
maximum performance, the pressure point used for this investigation was 3 bar gauge. 
Hydrogen and Oxygen I Air Flowrates I Stoichiometries 
The hydrogen fiowrate in standard litres per minute (slm) may be calculated from 
equation A.3 given in Appendix A. For an 80 cm2 cell at 1.5 Alcm2 and a 
stoichiometry of 1.1 the hydrogen fiowrate equates to 0.92 slm. 
The oxygen flowrate in slm may be calculated from equation A.6 also given m 
Appendix A. Therefore, for the above cell at 1.5 Alcm2 and a stoichiometry of 3 the 
oxygen fiowrate equates to 1.3 slm. 
For air, the flowrate may be calculated from equation A.9 also given in Appendix A. 
The fuel cells performance drops significantly when operating on air in comparison to 
oxygen, therefore for the 80 cm2 cell an overall current of about 60 amps may be 
expected. This gives an air flowrate of3.3 slm with a stoichiometry of3 for the above 
cell. 
In a practical fuel cell, the hydrogen line may be expected to contain some form of re-
circulation and a filter to remove the non-reactive substances i.e. excess water. 
Therefore the hydrogen stoichiometry should be maintained as close as possible to I 
to reduce the parasitic losses in re-circulating the hydrogen. Hence, a hydrogen 
stoichiometry range of between 1.1 and 1.5 was chosen for this study. 
The oxygen line in a practical fuel cell may also be expected to contain some form of 
re-circulation, but with the addition of having to remove the majority of the product 
and humidification water. N.B. Some fuel cell designs remove the majority of water 
from the hydrogen gas stream but the Loughborough fuel cell designs were most 
efficient at removing the water from the oxygen gas stream. The circular fuel cells 
developed at Loughborough University have been found to produce best performance 
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at an oxygen stoichiometry of between 2 and 3.5. Therefore, these values will be used 
as lower and upper levels for the oxygen stoichiometry. 
When the fuel cell is operated on air, a turbocompressor is likely to be used. This may 
lead to excessive parasitic losses if the air stoichiometry is maintained at too high a 
level. Therefore, the air stoichiometry in this study will be maintained between 2 and 
4 in order to simulate the stoichiometries used in practical fuel cells. 
In most flow control systems, the flowrate of the fluid is maintained constant. In this 
study, the stoichiometries are held constant. Since the stoichiometries change with the 
current, the flowrates have to be manually adjusted in order to maintain a constant 
stoichiometry. 
Hydrogen and Oxygen Inlet Humidities 
When the hydrogen and oxygen gases are humidified prior to entering the cell, a 
major improvement in the performance was observed (chapter 4). For this study, the 
inlet humidities of the gases were controlled from zero to over one hundred percent 
relative humidity. At over one hundred percent relative humidity, saturated liquid 
water may be expected in the gas stream and the effects of this will also be 
investigated. 
Cell Temperature 
The maximum temperature of the SPFC operating with Nafion 117 as electrolyte is 
usually between 80 - 100 °C. Maximum performance is usually achieved at the 
highest temperature when the cell is satisfactorily humidified. However, at 
temperatures of close to 100°C the durability of the membrane may be challenged. For 
the cell operating with Nafion 117, a temperature of approximately 80°C was used as 
a compromise between reliability of the membrane and maximum performance. 
For the Gore-Select membrane used in this study, no significant performance 
enhancement was seen by increasing the temperature from 60°C to 80°C. Therefore, 
for the Gore-Select membrane a temperature of 60°C was used to improve the 
reliability. 
138 
Membrane-Electrode-Assembly 
The MEA is the major component of a SPFC and greatly governs the overall 
performance. At this time, the standard MEA used at Loughborough University was 
Nafion 117 as the electrolyte with E-Tek electrodes. This was the only commercially 
available MEA when this project was initiated and hence the great majority of the 
Loughborough fue l cell development work has been conducted on this type of MEA. 
Recently, W.L. GORE has introduced an MEA that is designated PRlMEA 5000. This 
MEA gives enhanced performance over the standard one described above and 
therefore this membrane was investigated. 
Oxidant 
Fuel cells developed for the space program and underwater applications use an 
external supply of oxygen. For fuel cells used in terrestrial applications the storage of 
oxygen is expensive and unnecessary since the oxygen may be obtained from 
atmospheric air. Therefore, both air and oxygen were investigated in this project. 
Compaction Pressure 
The compact ion pressure of the fuel cell greatly affects the ohmic resistances in the 
cell. This property was reported in the previous chapter and a compaction pressure of 
0.4 kN/cm2 was found to give low contact resistance between the current collector and 
electrode. Therefore, this compaction pressure was maintained throughout this 
parametric study. 
5.1.2 Uncontrollable factors 
Gas Impurities 
The solid polymer fuel cells performance is greatly reduced by quantities of 
impurities such as carbon monoxide and sulphurous compounds. The levels of these 
impurities were kept to a minimum by using bottled gases of the same grade 
hydrogen, oxygen and air throughout the study. 
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Cell Design 
The properties of the gas flow channel such as channel depth, width, channel to land 
ratio, number of inputs, number of channel divides etc were kept constant by using the 
same cell throughout. 
Operational Time of MEA 
The degradation of an MEA may be affected by many factors. The degradation can be 
kept to a minimum by consideration of as many of the performance influencing 
factors as possible. It is unlikely though that this degradation can be reduced to zero. 
Therefore, the degradation was monitored by using a set condition for operating the 
fuel cell and operating at this condition periodically. 
MEA Variation 
Each time a membrane-electrode-assembly is manufactured there is a certain degree 
of variability in the manufacturing process. This variability was reduced by carefully 
controlling each step of the MEA manufacture process 
Cell Deterioration 
Due to the particular design of the segmented cell, poisoning of the electrode may 
have occurred from leaching of the epoxy resin used for construction and leeching of 
metal ions from the screw contacts. However, these problems were expected to be 
minimal since the epoxy resin and screw contacts were situated well away for the 
electrode. 
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5.2 Design and Construction of the Test Rig 
The basic requirements to operate a fuel cell are a galvanostat or potentiostat to 
control the current or voltage respectively and a system to supply and control the fuel 
and oxidant to the anode and cathode respectively. The system that performs these 
functions is designated the test rig. The simplest form of test rig may consist of 
pressure control ofthe gases prior to entering the fuel cell, flowrate control in the exit 
line from the fuel cell, and current / voltage control of the fuel cell. 
In this project, a more extensive test rig was required which performs the following 
functions: -
• Supply and extraction of gases to and from the cell. This project uses pure 
hydrogen as the fuel and oxygen or air as the oxidant. 
• Control and measurement of gases to and from tbe cell. For a complete 
knowledge of the properties of the gases the following parameters were required; 
Flowrate, Pressure, Humidity, and Temperature. These parameters have to be 
monitored and controlled before the gas entered the fuel cell. After the fuel cell, 
the measurement was not important since the performance is not directly affected, 
although the flowrate and pressure of the exit gases were still required to be 
controlled. The exit temperature of the gases is governed by the inlet gas 
temperature and the heat output from the fuel cell. The humidity of the exit gases 
is of minor interest in order to investigate the transport of water across the 
membrane and to conduct a mass balance of the complete system. 
• Control and monitoring of tbe fuel cell voltage and current. The fuel cell is 
usually designed to operate a motor or other electronic load, but for experimental 
purposes, a high power resistor may be used to dissipate the power produced by 
the fuel cell. It is the control of the electronic load in the external circuit that 
determines whether the fuel cell is galvanostatically or potentiostatically 
controlled. In this project, the fuel cell was operated in potentiostatic mode as 
discussed in Chapter 3. 
• Maintaining a safe operating environment. Hydrogen is a potentially dangerous 
and explosive fuel. It has one of the widest flammability limits of any fuel and a 
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low ignition energy. Hydrogen is also invisible and odourless and hence cannot 
easily be detected. Therefore, extreme caution should be exercised when dealing 
with hydrogen. The presence of a high concentration of oxygen in air will increase 
the burn rate of a fuel and hence can increase the hazard. Therefore for safety 
reasons, flame arresters were fitted to the input lines of both gases. An emergency 
stop button is also fitted to instantly stop any flow of gases into the test rig. 
The main considerations for the design of the test rig were; 
I. The position of each of the transducers 
2. The position of the humidifiers 
3. The position of the condenser 
4. The method of flow control 
5. The movement of water 
6. Hydrogen and Oxygen safety issues. 
Therefore, considering the above design factors the test rig shown in figure 5-1 was 
built. 
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Figure 5-1 Fuel cell test rig schematic 
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5.3 Software Design 
The preliminary data acquisition software, which is described in section 4.3 , was very 
basic. The main limitations of the software were: -
• Segment data was displayed as digital readouts on screen. Therefore, no 
meaningful analysis of the data could be performed during the period of the 
experiment 
• Other operating parameters were not included 
• No automatic saving of the data - save commands were issued for every cycle if a 
complete set of data was required by a key-press operation 
• Historic data was not presented therefore it was difficult to see trends 
The solution to this software problem was that a Microsoft Windows-based software 
system was developed which allows data acquisition and basic analysis to be 
performed simultaneously. The initial surface plotting software was designed and 
developed as a Department of Computer Studies fmal year project. The software was 
then further developed by the present author. 
5.3.1 Program Description 
The resulting software screen is shown in figure 5-2. The main screen contains six 
windows that display the various functions ofthe software. 
The surface window displayed either a surface map of the segment data or a contour 
map of the segment data. The map was coloured according to magnitude of the 
surrounding data points. The surface or contour map could be rotated to the left or 
right by 90 degrees, the elevation could be increased or decreased by increments of 10 
degrees, the map could be enlarged or reduced and the angle of perspective could be 
adjusted. 
The surface window also displayed the area-adjusted segment data. Along the bottom 
of the window were the current densities from the 6 segments which are pie-shaped 
segments corresponding to the position of the pie sections of the gas track. Along the 
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right side of the window were the current densities of the 5 concentric rings with ring 
1 corresponding to the central circle of diameter 20 mm, and ring 5 corresponding to 
the outer ring with outer diameter 100 mm and inner diameter 80 mm. 
The surface window also displayed the orientation in the top left corner as a number 
from 1 to 4, and the overall current from the summation of all the segment readings 
was displayed in the top right corner. 
To the right of the surface window was the data legend window. This window 
displayed the current density values that correspond to the colours shown in the 
surface or contour maps. 
In the top right corner of the screen was the message window. This window displayed 
the file names and filenumber of the last recorded dataset. 
Below the message window was the function window. This window displayed a 
contour map relating to the rate of change of the segment values over several 
readings. The contour map was calculated using the following function: -
SEGMENT (X,Y] = CI·~(SEGMENT [X,Y]) + C2 • d: (SEGMENT [X,Y]) 
dt dt 
Where Cl and C2 are constants 
In the bottom, right corner of the screen was the parameter window. This window 
displayed the parameter readings which were updated approximately every 0.3 
seconds. The voltage and current measurements had a setpoint facility so that a 
control function could be used to control these parameters. The sensor temperature 
display could be alternated between the humidification sensor temperatures, the 
humidifier temperatures, and the gas inlet temperatures. The flowrate and 
stoichiometry measurements also had setpoint facilities for automatic control. The 
flowrate measurement was also included with an offset facility as it was discovered 
that the mass flow controller occasionally required calibrating on-screen. 
The final window in the bottom left corner was the data history window. This window 
displayed the previous 3 minutes 40 seconds of the primary parameter data. 
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The main screen contained the control buttons in the top left corner. The control 
buttons along the top controlled the data acquisition and file management functions, 
and the control buttons down the side controlled the viewing functions for the surface 
map and temperature display parameters. 
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5.4 Experimental Setup 
The segmented fuel cell used in the parametric study was the same as described in 
chapter 4. The cell consisted of 88 square segments, each having a surface area of I 
cm2 The anode current collector was clamped to the cathode current collector via 10 
bolts spaced equidistantly around the circumference of the fuel cell . The cell had 
central gas feeds, which supplied the reactant gases and humidification water to six 
pie-shaped gas tracks. These gas tracks then exited via a channel around the 
circumference of the cell. 
The cell was operated with two MEA configurations which are given in appendix B. 
The test matrix for the experiments are given in Table 14. 
MEA Figure Cell Gas Relative Humidity Measured Maximum 
number Temp. Pressure (%RH) Voltage Current 
("C) (Barg) (mV) (Amps) 
H2 O2 H2 O2 
Nation I 17 with 
E·Tek 5-3 80 - 90 3 3 0- 140 0-200 490 - 510 76.3 
electrodes 
Gore-Select 
Primea 5000 5-6 60 3 3 0- llO 0- 120 490 - 510 68.5 
series 
Table 14 Test matrix and results summary for humidification study 
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5.5 Results of Humidification Study 
Figure 5-3 shows a humidification map which displays the cell current against the 
hydrogen and oxygen inlet humidities. An inverse-distance weighting algorithm 
(inverse weighting = 2) was applied to the datapoints to create the surface map and 
the individual data points are also plotted to show the actual data values on the graph. 
This graph shows that there was a significant performance drop when both the 
hydrogen and oxygen humidities were less than 50% RH. This drop in overall current 
equates to a maximum performance loss of approximately 30% compared to when the 
feed gases were humidified to 100% RH. The average current above 50% RH on both 
gases was 70 Amps (800 mA/cm2), but below these humidification levels the cell 
current steadily reduced to a minimum of 50 Amps (570 mA/cm2) with no 
humidification on either reactant gas. It should also be noted that at these low 
humidification levels the cell current continued to gradually decrease over many hours 
as the cell continued to dry out. 
The humidification map also shows that at high oxygen humidities and low hydrogen 
humidities the overall current again dropped significantly. This drop in performance 
at high oxygen humidities may be explained by the high water content in the oxygen 
gas stream restricting access for the oxygen to diffuse through the gas diffusion layer 
to the catalyst sites. Therefore, the oxygen partial pressure at the catalyst sites would 
be lower. This may be expected since the oxygen relative humidities were in excess of 
100% RH and therefore there would be liquid water present in the gas flow channel. 
As the oxygen travelled further down the flow channel the quantity of water in the 
channel increased due to a proportion of the water from the electrochernical reaction 
entering the flow channel. 
However, this effect of over humidification was not seen at high hydrogen humidities, 
and when the oxygen humidity was over 100 %RH and the hydrogen humidity was 
approximately 50 %RH. The probable reason for this was due to the higher 
stoichiometries ofthe hydrogen and oxygen gases. Higher reactant gas stoichiometries 
would result in a lower wetness fraction (the mass flowrate of water to the total mass 
flowrate) , and therefore a higher concentration of the reactant gases. 
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Figure 5-3 also shows four current density maps at different humidification conditions 
indicated on the humidification map. At low hwnidities « 1 0% RH on both gas 
streams), bottom right of figure, the current density map shows a depression in the 
central portion of the cell. The magnitude of this depression reduces the current 
density in the centre of the cell to less than 50% of the maximum current density. The 
current density also decreases around the circumference of the cell. 
At low hydrogen humidities and high oxygen humidities (0% RH and 100% RH 
respectively), bottom left of figure, the current density map displays a uniform 
distribution from the centre of the cell to the midpoint of the radius. From the 
midpoint of the radius, the current density decreases towards the outer circumference 
ofthe cell. 
At low oxygen hwnidities and moderate hydrogen humidities (0% RH and 60% RH 
respectively), top right of figure, the current density map contains a small depression 
in the centre of the fuel cell. This depression represents a performance drop of 
approximately 30% compared to the maximum current density. The current density 
then increases to a maximum at the midpoint of the radius, and drops towards the 
outer circumference. 
When both gases are fully saturated, top left of figure, the current density map shows 
a fairly uniform distribution with the current density only decreasing significantly 
towards the outer circumference of the cell. 
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Figure 5-3 Humidification map and current density maps at selected humidities 
(SO·C, 0.5 Volts, 3 barg 8 2 and O2 pressures, membrane: Nafion®1l7) 
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A better explanation to the effects of humidification on the zonal current densities 
may be made with reference to figure 5-4. This graph shows just two of the data 
points from the humidification map, one with zero humidity on both gas streams, and 
the second with 100% RH on both gas streams. With no humidification on either of 
the reactant gases, the current density was 443 mNcm2 at the entrance of the gas flow 
channel. The current density then steadily increased to a gas track length of 220 mm, 
reaching a maximum of 794 mNcm2 The current density then decreased to 640 
mNcm2 at the exit of the gas flow channel. With humidification at 100% RH on both 
gas streams, the current density was initially 890 mNcm2 at the gas flow channel 
entrance. The current density then steadily decreased to a minimum of 770 mNcm2 at 
approximately 120 mm along the flow channel, and then increased to 825 mNcm2 at 
220 mm along the gas track. Finally, the current density decreased slightly towards 
the exit pipe of the gas track. 
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Figure 5-4 Graph showing the current densities against the position along gas 
track for humidified feed gases and unhumidified feed gases 
An explanation for the low current densities at the entrance to the flow channel for the 
unhumidified feed gases configuration is that the quantity of water in the reactant 
gases was insufficient to satisfactorily humidify the membrane. Therefore in this 
region, the membrane would have a low proton conductivity and the current density 
would correspondingly be low. At the higher humidification configuration, the 
quantity of water in the gas stream was sufficient to hydrate the membrane to levels at 
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which the membrane resistance was close to a minimum. Hence, the current densities 
at the entrance to the flow channel when the gases were saturated were at a maximum. 
Further evidence towards this theory of the membrane drying out at low feed gas 
humidities may be seen in figure 5-5. This graph shows the current densities along the 
gas flow channel as a function of the sum of hydrogen and oxygen relative humidities. 
At a summed humidity of approximately 20% RH the performance drop towards the 
entrance of the flow channel became negligible, but the overall ce ll performance 
remained below that of the cell operating with fully saturated gases. Above a summed 
humidity of approximately 50% RH the overall cell performance reached a maximum 
and continued at this level to summed humidities in excess of250% RH . 
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Figure 5-5 Surface map showing the current distribution down the gas track 
against the sum of the hydrogen and oxygen humidities 
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The humidification map showing the effect of varying the hydrogen and air 
humidities on the overall fuel cell current is shown in figure 5-6. This graph was 
obtained using a GORE-SELECT Priroea series 5000 MEA at a cell temperature of 60 
·C. This graph shows the opposite effect to figure 5-3, in that the performance 
decreased as the relative humidities of the feed gases were increased. When the 
relative humidity of the air stream was reduced to under 20% RH and the hydrogen 
relative humidity was less than 60% RH the fuel cell produced the maximum current 
of approximately 70 Amps. Due to data points not being collected at air humidities of 
20 - 60% RH and hydrogen humidities of less than 60% RH the range of humidities 
over which maximum performance was achieved could not be presented. The overall 
current showed a marked decrease as the humidities of the gas streams were 
increased. This decrease resulted in a performance drop of 30% when the hydrogen 
humidity was 60% and the air humidity was 120%. 
The reason for the different humidification maps produced using Nafion 117 and 
Gore-Select Priroea series 5000 membranes was probably due to the different 
morphology of the membranes. The Gore membrane was a reinforced composite 
perfluorinated polymer electrolyte membrane. The fluoroionomer was a similar 
polymer to the Nafion polymer but with an equivalent weight of 900 (EW of Nafion 
117 is 1100). This fluoroionomer was incorporated into a PTFE mesh to improve the 
membrane strength and to enable much thinner membranes to be used. The 
advantages of using thinner membranes are to reduce the membrane resistance and to 
improve water transport. The conductance of a 12 micron thick Gore membrane was 
up to 16 times greater than that for Nafion 11 i67J. The water uptake by this Gore 
membrane was 26% greater than that for Nafion 117 (water uptake expressed as 
percent of membrane dry weight), and the hydraulic permeation (water diifusion) was 
12.9 times greater for the Gore membrane as opposed to Nafion 117. These 
characteristics of the Gore membrane led to improved current densities due to the 
lower resistivity and improved water transport through the membrane. 
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Figure 5-6 Humidification map and current density maps at selected humidities 
(60·C, 0.5 Volts, 3 barg H2 and Air pressures, membrane: GORE-SELECT 
Primea series 5000) 
The maximum performances seen ill figure 5-6 when the feed gases were 
unhumidified appears to be due to the improved water transport characteristics of the 
Gore membrane. This result shows that the membrane did not become significantly 
dehydrated when operating on dry inlet gases. The drop in performance as the 
humidities of the feed gases were increased is most likely because of the increased 
water content in the gas stream impeding the flow of oxygen to the catalyst sites. This 
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effect was much more pronounced when usmg air as the oxidant smce the 
concentration of oxygen in air is only about 21 %. 
Figure 5-6 also shows current density maps at various humidification conditions. The 
current density map on the bottom left of the figure shows the current distribution at 
low hydrogen and air humidities. This graph shows a large current density peak of 
1200 rnA/cm2 in the centre of the cell, before decreasing to between 700 and 1000 
rnA/cm2• The current density then decreased around the outer circumference to 
between 400 and 800 rnA/cm2• 
The current distribution maps shown on the bottom right, top left and top right of the 
figure all show a fairly uniform distribution over the entire surface of the electrode. At 
humidification conditions of 60% RH for the hydrogen gas stream and 20% RH for 
the air stream, the current density was a maximum of 950 rnA/cm2 in the centre of the 
cell and then slowly decreased to between 400 and 900 rnA/cm2 around the outer 
circumference. At relative humidities of 110% for the hydrogen gas stream and 90% 
for the air stream, the maximum current density decreased to 800 rnA/cm2. The 
current density again slowly decreased towards the outer circumference of the cell. 
When the hydrogen humidity was 80% RH and the air humidity was 120% RH, the 
current distribution map shows a slight decrease in the centre of the cell. The current 
density also decreased quite sharply towards the exit of the flow charmels. 
Figure 5-7 shows the current distribution down the gas track for two humidification 
configurations. At low humidities, the current density at the entrance of the flow 
channel was 1180 rnAlcm2 The current density then continued to decrease towards 
the exit, where it reached a minimum of 600 rnAlcm2• With humidified feed gases, the 
initial current density was 810 rnAlcm2 and then decreased to a minimum of 510 
rnAlcm2 at the exit. 
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Figure 5-7 Graph showing the current densities against the position along gas 
track for high humidity feed gases and low hu midity feed gases 
The result with unhumidified feed gases shows an increase in current density towards 
the entrance of the flow channel. Therefore, although the gases entered the cell dry, 
the water produced by the electrochemical reaction was enough to satisfactorily 
hydrate the membrane soon after the entrance to the flow channel. The decrease in 
current density for the humidified feed gas configuration was most likely due to the 
increased water content in the air stream restricting access for the oxygen to diffuse to 
the electrochemical reaction zone. 
Figure 5-6 shows the surface map of the current density along the gas flow channel 
against the sum of the hydrogen and air humidities. As the sum of the humidities was 
increased, the initial performance at the entrance to the flow channel slowly decreased 
up to a summed humidity of 100% RH. Above these hurnidities, the profile down the 
flow channel remained approximately constant. 
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5.6 Conclusions 
The results of this chapter have shown that the levels of humidification of the feed 
gases to the solid polymer fuel cell are vitally important in order to attain good 
performances. The effects of the anode and cathode inlet humidities on the overall 
fuel cell current in addition to the current distribution have been shown for two 
different fue l cell configurations. The first configuration used Nation 117 as the 
electro lyte with E-Tek gas diffusion electrodes. This MEA was tested at 3 barg gas 
pressures on hydrogen and oxygen and at a cell temperature of 80°C. The 
sto ichiometries fo r these reactants were between 1.0 and 1.5 for hydrogen and 
between 2 and 3.5 for the oxygen. The second configuration used a GORE-SELECT 
Prirnea-5000 membrane with non-catalysed E-Tek cloth as the gas diffusion layer. 
The test conditions using this MEA were gas pressures of 3 barg, stoichiometries of 
1.0 to 1.5 for hydrogen and between 2 and 4 for air, and the cell temperature was 
60'C. The lower temperature was used with the second MEA because prior testing 
had revealed little improvement in performance above this temperature, and due to the 
much thinner nature of the membrane it was thought that it would be less durable at 
the higher temperatures than Nafion 117. 
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Unfortunately, as a result of failures of the membranes, the effects of humidification 
on Nafion 117 using air as the oxidant could not be acquired. In addition, at high 
currents (greater than 80 Amps) the electrical resistances of the bus bar and in the 
wires from the fuel cell to the circuits limited the minimum voltage to between 550 -
600 mY. For a hydrogen-oxygen fuel cell, the Gore-Select MEA was producing 
performances of over 2 Alcm2 [l24J, and therefore for this cell the overall current 
would be over 160 Amps. These currents could not be achieved with the equipment 
used in this study and hence oxygen was not used on this cell configuration. 
The humidification map that was produced with Nafion 117 as electrolyte shows that 
below a relative humidity of 50% on both gas streams, the performance of the fuel 
cell decreased from the maximum. This drop in performance was seen particularly in 
the central portion of the cell where the reactant gases entered the flow channels. The 
depression formed in the centre of the cell when the feed gases were unhumidified has 
been measured to be 50% of the maximum current density. This effect was seen to 
deteriorate the longer the cell was operated at these humidification conditions. This 
phenomenon is thought to be due to dehydration of the membrane in the central 
region of the cell when the feed gases were unhumidified. 
A uniform current distribution was obtained when both reactant gases were 
humidified to 100% RH. This distribution was also seen for a wide range of 
humidification conditions (hydrogen humidity from 50 to 140 % RH, oxygen 
humidity from 50 to 100% RH). Figure 5-9 shows the humidities in the green areas 
over which a performance of 800 mAlcm2 was achieved. A performance drop was 
also seen when the hydrogen humidities were less than 10% and the oxygen 
humidities were between 110 and 170% RH. This result was probably caused by over 
humidification of the oxygen gas stream thereby restricting access for the oxygen to 
diffuse to the catalyst layer. 
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Figure 5-9 Humidity operational map for 0 2/0 2 fuel cell using Nafion 117 as 
electrolyte 
The humidification map produced with Gore-Select membrane used as the electrolyte 
showed that the best performance was achieved when both feed gases were 
unhumidified. An increase in the humidity of e ither feed gas to above 50% RH 
resulted in a drop in the overall fue l cells performance. The current distribution at low 
humidities showed a substantial peak in the current density at the centre of the cell, 
before reducing to an average of 800 mA/cm2. The current distributions at higher 
humidities were fairly uniform, decreasing slightly from the centre of the fuel cell to 
the outer circumference. 
A humid ity operational map for the Gore-Select MEA operating on air is shown in 
figure 5-10. A performance of over 700 mA/cm2 was achieved in the green areas of 
this map. 
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Figure 5-10 Humidity operational map for H2/Air fuel cell using Gore-Select 
series 5000 membrane as electrolyte 
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Chapter 6 
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6 Fluid Flow Model for a Single Flow Channel 
In order to understand the effects of the gas and water management on the current 
distribution in the fuel cell a simple two-dimensional fluid flow model was developed. 
This model includes the gas and water transport along the gas tracks, the gas transport 
to the catalyst layer for a given current density, and the water transport across the 
membrane. A review of more comprehensive fuel ce ll models, which predict the 
current density in addition to the gas and liquid flows, is given in chapter 2 .5. 
Consider a single gas track as shown in figure 6- 1, as the gases flow down the gas 
flow channel they are consumed by the e lectrochemical reaction and the product of 
the reaction, water is produced at the cathode. If the quantity of water present in the 
gas channel exceeds the quantity necessary to saturate the gas, then liquid water will 
be present in the gas channel. The presence of liquid water causes the cross-sectional 
area for the flow of gas to decrease, assuming the flow is not plug or slug flow, 
resulting in a change in the velocities of each of the gas and liquid phases. 
Hydrogen In 
Air In 
Gas Flow Cbannel 
Gas Diffusion 
Layer Membrane 
Catalyst Layer 
Figure 6-1 Cross-sectional view of the fuel cell used for the model 
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Hydrogen Out 
Air Out 
6.1 Model Development 
The main assumptions used in the model were:-
• All gas mixtures in the model were assumed ideal 
• The pressure along the flow channel was constant 
• Since the thermal conductivities of the current collectors are high, the system 
was assumed to be isothermal throughout 
• There was no gas diffusion through the membrane 
• The membrane was assumed to be fully saturated throughout 
• The only species in the anode flow channel were hydrogen and water 
• The only species in the cathode flow channel were oxygen, nitrogen and water 
The initial mass flowrates of the feed gases and the quantity of water contained in the 
feed gases were calculated from the total current, stoichiometry and relative humidity 
using the equations given in Appendix A. The change in the mass flowrate of the 
reaction gases due to the consumption by the electrochemical reaction was calculated 
from consideration of mass balance. These equations are as follows: 
dM H mH i 
_ _ 2 = __ ,_ 
dx 2F 
Equation 6.1 dMo mo i __2 = __ ,_ 
dx 4F 
For Hydrogen For Oxygen 
where M, is the mass flowrate of species i 
rn, is the molecular mass of species i 
is the local current density 
F is the Faraday constant 
And the water produced by the electrochemical reaction is: 
M =m) 
w 2F 
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Equation 6.2 
Equation 6.3 
The water contents in the gas streams are initially calculated from their relative 
humidities using the following equations: 
For the water content in hydrogen Equation 6.4 
For the water content in Air Equation 6.5 
where is the mass flo wrate 0 f water in gas stream i 
Ri is the specific gas constant for species i 
p, is the partial pressure of the saturated vapour at the temperature 
T 
tPi is the relative humidity of the inlet gas 
Pi is the total pressure of the gas 
If the gas is saturated and there is liquid water present in the gas stream then the above 
equation is still used to calculate the water flowrate with tPi > I. 
Since the specific gas constant for air changes as the oxygen concentration changes, 
this constant is calculated using the equation: 
Equation 6.6 
where R is the universal gas constant 
Co, is the molar concentration of oxygen in the dry air stream 
The change in water content in the gas streams is calculated from the water transfer 
across the membrane according to the following equations: 
For the hydrogen flow stream 
dWH C P 
__ 2 =Wr-Wr 
dx 
Equation 6.7 
For the air flow stream 
-J.: . P C uWAir . 
-- =WT-WT+M dx W Equation 6.8 
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p 
where Wr is the water transferred across the membrane by electro-osmotic 
drag which is positive from anode to cathode 
c 
Wr is the water transferred across the membrane by concentration 
gradients which is positive from cathode to anode 
Water transfer due to electro-osmotic drag has been experimentally determined ex situ 
by several authors [83,84,85,144] . Zawodzinski et al [84] measured values of 1.0 H20IW 
for vapour equilibrated Nafion 117 and 2.5 H20IW for liquid equilibrated Nafion 
117. The value of 1.0 H20IW was independent of membrane water content over a 
wide range for vapour equilibrated Nation 117. For membranes with lower equivalent 
weights the values were 0.95 H20IW for Dow XUS and 1.1 H20IW for Membrane e 
for vapour equilibrated membranes and 1.7 H20IW for Dow XUS and 3.3 H20IW for 
Membrane e for liquid equilibrated membranes. For simplicity in this gas flow 
model, the membrane is assumed to be fully hydrated throughout. This gives the 
following equation for the water transfer due to electro-osmotic drag: 
Equation 6.9 
where is the electro-osmotic drag coefficient 
Several authors [83,84,144) have also experimentally determined water diffusion rates 
through the membrane due to water concentration gradients. For Nafion 117, the 
diffusion coefficient of water was measured to be 7.5 X 10-6 cm2/s for a fully hydrated 
membrane at 30De. The equation for the water diffusion due to concentration 
gradients is given by: 
where 
Equation 6.10 
is the water diffusion coefficient 
ne is the constant which relates the partial pressure to 
concentration gradient 
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6.2 Model Results 
The model results were compared to experimental studies [9 1] for the ratio of water 
exiting from the anode gas stream to that of the cathode gas stream. Tills experimental 
study used a parallel, serpentine gas flow channel design with the gas flows being 
essentially coflow, although the gases in the individual channels flowed in a 
counterflow configuration. The MEA used in this study consisted ofNafion 115 hot-
pressed between two E-Tek electrodes. Therefore, the coefficients used in the model 
for the water flow across the membrane were nd = 2.5, and ne = 8 x 10-6 cm2/s. 
Figure 6-2 shows the effect of increasing the hydrogen stoichiometry on the 
percentage of water removed at the anode. The experimental results show that the 
quantity of water removed from the anode at constant air stoichiometry increases 
linearly with the hydrogen stoichiometry. This result is predicted well by the model 
with the values slightly higher than experimental values up to a stoichiometry of 6. 
Above tills stoichiometry, the gradient of the predicted result starts to decrease. The 
reason for tills is that there will always be a certain quantity of water removed from 
the cathode gas stream if its stoichiometry is greater than one, because of limitations 
in the water diffusion rates through the membrane. This result should also be expected 
in an actual fuel cell . 
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Figure 6-2 Comparison of percentage water removed at anode between flow 
model and experiment for an increase in hydrogen stoichiometry (Air 
stoichiometry -1.7) 
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The effect of increasing the air stoichiometry on the percentage of water removed 
from the anode is shown in figure 6-3 . At an anode stoichiometry of 1.7, the 
experimental results show a small decrease in the water removed from the anode. The 
gas flow model predicts no decrease at all in the water removed from the anode at this 
anode stoichiometry. At the higher anode stoichiometry of 4.4, the experimental 
results show an increase in the water removed from the anode, which is predicted well 
by the gas flow model up to an air stoichiometry of three. Above an air stoichiometry 
of three, the model predicts that the percentage of water removed from the anode 
decreases sharply. The reason for this effect is that above this sto ichiometry, the water 
concentration gradient across the membrane decreases towards the exit of the gas 
track and therefore less water is transferred from the cathode to the anode. 
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Figure 6-3 Comparison of percentage water removed at anode between flow 
model and experiment for an increase in air stoichiometry 
The percentage of water removed at the anode against the current density is plotted in 
figure 6-4. At low anode stoichiometries of 1.7, the values predicted by the gas flow 
model closely match the experimental values. The water in the anode exit line slightly 
decreases as the current density is increased. At slightly higher anode stoichiometries 
of 2.4, the model values are approximately 3% lower than the experimental values 
over the entire range of current densities. 
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Figure 6-4 Comparison of percentage water removed at anode between flow 
model and experiment for an increase in current density 
The effect of temperature on the quantity of water removed at the anode is shown in 
figure 6-5. The gas flow model predicts the experimental values very accurately 
showing that a simple model of the water transport across the membrane is acceptable 
for estimating the gas and water flows in a fue l cell. 
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Figure 6-5 Comparison of percentage water removed at anode between flow 
model and experiment for an increase in cell temperature 
The model was then used to predict the distribution of gases and water down a gas 
track. Since the MEA used for the experiments was the GORE-SELECT PRlMEA 
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5000 membrane, the water transport parameters were adjusted to nd = 3.3, and ne = 
29.6 X 10-6 cm2/s . The electro-osmotic drag coefficients were chosen to coincide with 
the 'Membrane C' electro-osmotic drag coefficient [144] because the polymer 
electrolyte membranes were of similar equivalent weights. It was reasoned that since 
the Gore membrane is a fluoroionomer membrane (EW 900) reinforced with woven 
PTFE [67] , the ionic properties of the membrane are not significantly altered, and 
hence the electro-osmotic drag coefficient should remain constant. The water 
diffusion coefficients were chosen to match the relative hydraulic permeation rates 
that were measured by Kolde et a1 [67] for the Gore membrane against the Nafion 
membrane. 
The predicted gas and water distributions in a fuel cell containing the Gore membrane 
are shown in figure 6-6. The parameter used to express the water content in each gas 
stream is the relative humidity, which if its value is greater than 100% shows that the 
gas is fully saturated and liquid water is present in the gas stream. The quantity of 
liquid water present increases as the relative humidity increases above 100%. When 
there is two-phase flow in the flow channel, the liquid water reduces the cross-
sectional area for the flow of gas. In order for the mass and momentum of the mixture 
to be conserved the gas density decreases with increasing liquid water in the channel. 
This results in an increase in the volume flowrate of the gas and hence a decrease in 
the concentration of each gas species. 
At the inlet to the flow channel, figure 6-6, the water concentrations in both gas 
streams are zero and therefore there can be no water transfer across the membrane. In 
the first 30 mm of gas track, the difference in water concentration between the two 
gas streams gradually increases which results in a greater transfer of water across the 
membrane by diffusion. However, as the water concentration in the anode gas stream 
increases, more and more water is able to be transferred by electro-osmotic drag, 
which opposes the greater water diffusion along the flow channel. At a distance of 
approximately 30 mm down the flow channel the rate of water transfer by electro-
osmotic drag and by diffusion reach an equilibrium so that the humidities of both 
gases increase at an equal rate. When the humidity of the hydrogen gas stream reaches 
83% RH, the quantity of water that is transferred by diffusion directly opposes that 
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transferred by electro-osmotic drag, and hence there is no net water transfer. Since the 
water from the electrochernical reaction is produced at the cathode, no water is 
transferred to the anode and the hydrogen hwnidity remains constant. 
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Figure 6-6 Flow model prediction of the mola r ratios of the reactant gases and 
tbe relative bumidities of tbe gases for a fuel cell witb unhumidified feed gases. 
(Temperature 60·C, Pressures 0.5 barg, Stoicbiometry 1.2 - 8 2, 2.0 - Air, 
Current Density 1000 mA/cm2) 
6.3 Conclusions 
The gas flow model developed in this chapter predicts the experimental results [9 1] for 
the water transfer across the membrane with reasonable accuracy. The model predicts 
the percentage of water removed from the anode weU until the cathode stoicIllometry 
is increased above 3 when the anode stoichiometry is 4.4. TIlls departure of the 
predicted water transfer by the model from the experimental measurements is due to 
the water concentration gradient decreasing near the exit of the gas track resulting in 
lower water transfer rates from the cathode to the anode. 
If the flow mode~ figure 6-7, is compared to the model produced by Weisbod et al 
[1251, figure 2-13, the graphs may be seen to have the same trends. Initially tbe 
hydrogen humidity drops sharply, the minimum humidity occurring at 20% down the 
flow channel for the Weisbod et al mode~ and at 14% down the flow channel for tbe 
model presented in tIlls cbapter. The reason for the sharper drop in hwnidity in the 
present model is thought to be due to the higher proton transfer coefficient as a result 
of assuming that the membrane is hydrated throughout. 
171 
After the hydrogen humidity reaches a minimum, it then steadily increases in both 
models until it approaches saturation when no more water can be transferred to the 
hydrogen gas stream. 
In both models, the humidity of the air stream increases rapidly at first before 
reaching a steady increase towards the exit of the gas track. The model produced by 
Weisbod et al shows that the air stream reaches a maximum of 100% RH and then 
remains at this level to the exit. After the air stream becomes saturated, it is likely that 
the water content in the gas stream continues increasing, but the graph shown in figure 
2-13 does not show this effect. 
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Chapter 7 
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7 Current Distribution Measurement on a Single Flow 
Channel 
The previous three chapters describe the development of current distribution 
measurement for a multiple flow channel design in a solid polymer fuel cell. The 
segmented current collector characterised in chapter 3 is a useful evaluation tool for 
assessing the spatial performance of a particular design of gas flow configuration. The 
results that were obtained from the segmented current collector can be used to develop 
the MEA and gas track configuration to improve the overall fuel cell performance 
over a wider operating envelope. 
In order to obtain a greater insight into how the design of gas flow channel affects the 
performance, the current distribution around a single gas track was investigated. The 
use of a single flow channel instead of a multiple flow channel configuration enables 
the measurement to be reduced from two dimensions down to one dimension, hence 
simplifying the analysis. The use of a single flow channel also enabled the current 
distribution to be characterised by a simple computational model of the flow of gas 
and water, chapter6. 
Since the diffusion of gases away from a single flow channel may be of the order of I 
mm[145) , a resolution of less than I cm width was required. The finest resolution for 
the segments in the previous segmented current collector was approximately 5 mm 
due to manufacturing difficulties and therefore a different approach was required. 
This approach was to use a slatted current collector in which the current collector is 
divided into segments in one direction only. 
7.1 Design and Realisation of Slatted Fuel Cell 
The concept behind the slatted current collector was to use a series of shims, each 
insulated from the next by a thin sheet of PTFE. The shims enabled the measurement 
of the current distribution to a resolution of 0.5 mm, an improvement of20 times over 
the previous segmented current collector. By rotating the slatted current collector by 
90 degrees the current distribution could be measured both down the gas flow channel 
and across the flow channel. The main disadvantage was that the measurement in 
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either direction had to be conducted separately and therefore the results could not be 
directly collated. 
The segmented fuel cell used in this part of the investigation used a square MEA with 
an electrode area of 200 cm2. This size and shape of cell was chosen to enable the use 
of the same pre-purchased MEA's as used in the high-performance Loughborough 
University fuel cell stacks (EPSRC contracts: ROPA GRJK36362). 
A simple low resistance shunt was used in place of the voltage follower circuits as 
used in the previous investigation (chapters 3 to 5). For the measurement of current 
distribution on the slatted fuel cell, due to lower cost restrictions a more accurate data 
acquisition system was purchased. This data acquisition system enabled the current 
measurement to be incorporated into the shims using a current shunt with a 20 m V 
drop at 2 Alcm2, figure 7-1. This method of current measurement enabled the shims to 
be manufactured as thin as 0.5 mm. The governing factor for the minimum width of 
the shims was the connections to each side of the current shunt. 
To reduce the number of data acquisition channels the 0.5 mm shims were only used 
in a central band 24 mm wide (not including the PTFE separator sheets). The shims in 
the surrounding this central band were I. 5 mm wide in order to make the number of 
channels equal to 120. These two outer bands were both 54 mm wide (not including 
the separator sheets). The total width of the shims including the separator sheets was 
therefore 138 mm. The use of thin shims in the central section enabled a detailed 
measurement of the current distribution to be obtained 
A photograph of the slatted current collector is shown ill figure 7-2. The slatted 
current collector was manufactured as follows:-
I. Each of the 120 shims was chemically etched with the design shown in figure 
7-1. 
IT. The shims were then machined to the correct tolerances using tie-rods as 
locators. 
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Ill. Each of the voltage measurement wires was soldered to the two sockets on 
each shim and the opposite end of each wire was attached to a D-type 
connector. 
IV. The slatted current collector was then assembled with each shim separated by 
a PTFE sheet (thickness: 50 microns) at the flow channel end and a stainless 
steel shim (thickness: 50 microns) at the bus bar end, figure 7-1. 
V. End plates were attached to each side of the shims and the bolts tightened. 
aas Track (sideways on) 
~ Voltage Pickup Sockets aasketl I 
~o~ __ +o __ ~_o_-__ ~ __ ent_~_ilis_~~~~-1~ 
Bus Bar Clamping Holes Clamping Bolt Holes 
\ 
\ 
PTFE Sheet (50 microns iliick) 
~ 
Stainless Steel Shun 
(50 microns iliick) 
Figure 7-1 View of the design of the shims showing the expected current paths 
through tbe measurement section, a cross-section of the MEA, and the PTFE and 
stainless steel separators 
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Figure 7-2 Photographs of the slatted current collector and aluminium endplate 
showing the two thickness' of shims (left) and the D-type connectors for the 
voltage measurement (right) 
The slatted current co llector was then incorporated into a 'Filter Press' design of so lid 
polymer fuel cell . The ' Filter Press' arrangement was used because this type of cell 
design enabled the compression points to be placed inside the electrode area, hence 
reducing the distortion of the current collectors to a minimum. A photograph of the 
individual components that make up the fue l cell are shown in figure 7-3 and a 
photograph of the complete fue l cell is shown in figure 7-4. 
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Cathode current 
Aluminium /v' 
Endplate (Top) _I~ _____ '"" 
compression plate 
Figure 7-3 Photograph of the individual components in the slatted fu el cell 
Figure 7-4 Photograph of the constructed slatted fuel cell 
The components that make up the slatted fuel cell are shown schematically in figure 
7-5. 
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Compression Plate 
~lAI.uninium Endplate 
Heating Mat (21]50 W) 
Heat conductive Mat 
Electrical Pickup 
_ L-__ JElect~ical~y Conductive Mat 
---,z Catbodic Current Collector 
~~-.,..!- MEA and G ... Dilfll.'lion Laye .. 
~-,:.-..:.,-- Slotted Anodic Current Collector 
4-_ ...... .-;:.....;'-- Heat conductive Mat 
... =;::;~!..- Heating Mat (300 W) 
~!IIf------- Aluminium Endplate ~ ________________ -J 
Figure 7-5 Schematic of the slatted fuel cell 
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7.2 Testing of the Slatted Fuel Cell 
The membrane electrode assembly used in the measurement of current distribution in 
the slatted cell was a GORE-SELECT PRIMEA Series 5000 MEA with integral 
expanded PTFE gaskets. This was encompassed between two GORE-SELECT 
CARBEL·CL gas diffusion layers. 
External humidifiers were attached to both inlet lines of the fuel cell. Temperature 
controllers were used on both humidifiers and on the fue l cell to regulate the 
temperature of the devices. 
The data acquisition system was a Nationallnstruments SCX! system which enabled 
the voltages to be measured to an accuracy of 10 /lV. This resulted in a current 
resolution of I rnA. This was connected to a personal computer where a dedicated 
software program was written to acquire the data. 
The gas flow channels were incorporated into the slatted current collector 
perpendicular to the shims. The result of this was that the current distribution could be 
measured in both co flow and counterflow configurations for down the flow channel 
measurements and in cross flow configuration for across the flow channel 
measurements. The coflow configuration is when both gases are inlet on the same side 
of the fuel cell and travel in the same direction to the exit. The counterflow 
configuration is when the gases are inlet at opposite sides of the fuel cell and flow in 
opposite directions towards the exits. 
The test matrix and results summary for the experiments conducted for this chapter is 
shown in Table 15, Table 16 and Table 17 for the coflow and counterflow along the 
flow channel configurations and across the flow channel configuration respectively. 
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Test Figure Gas Relative Humidity Measured Total 
Description number Pressure (%RH) Voltage @ Current 
(Barg) 3.0 Amps (Amps) 
H, Air H, Air@ Air @ Air @ (mY) @ 0.5 @ 0.7 
3.0A 0.5 V 0.7V V V 
Decrease 3.0 3.0 173 103 103 126 530 3. 10 1.95 
pressure while 2.5 2.5 151 90 90 113 515 3.08 1.83 
maintaining air 2.0 2.0 129 77 78 100 495 3.03 I. 71 
stoichiometry at 7-15 108 87 495 1.5 1.5 64 65 2.99 1.65 2.0. 
1.0 1.0 86 51 53 69 480 1.58 2.9 1 
Temp = 60'C, 0.5 0.5 65 39 41 56 450 2.76 1.43 
Compaction 3.0 3.0 0 0 0 0 625 3.73 2.40 
Pressure = 200 2.5 2.5 0 0 0 0 60 1 3.65 2.28 
N/cm' , 2.0 2.0 0 0 0 0 590 3.54 2. 16 
Hydrogen 7-17 575 1.5 1.5 0 0 0 0 3.43 2.03 
Flowrate = 310 1.0 1.0 0 0 0 0 553 3.3 1 1.88 
sccpm 
0.5 0.5 0 0 0 0 529 3.16 1.73 
Air Stoi-
chiometrv 
2.0 129 77 83 130 512 3.10 1.53 
3.0 129 66 65 87 559 3.50 1.94 
4.0 129 59 57 71 578 3.73 2.07 
5.0 129 55 52 65 588 3.90 2. 15 
lncrease 7.0 129 5 1 47 56 604 4.15 2.24 
stoichiometry 9.0 129 - 45 52 - 4.26 2.30 7-20 
while 10.0 129 47 - - 614 - -
maintaining 11.0 129 - 43 49 - 4.49 2.36 pressure at 2.0 
13.0 129 45 - 621 barg - -
15.0 129 - - 45 - - 2.46 
Temp = 60·C, 17.0 129 43 - - 637 
- -
Compaction 19.0 129 - - 43 - - 2.58 
Pressure = 200 
2.0 0 0 0 0 616 3.56 2.25 N/cm' , 
3.0 0 0 0 0 647 3.97 2.41 
Hydrogen 4.0 0 0 0 0 662 4.18 2.51 
Flowrate = 3 10 5.0 0 0 0 0 668 4.35 2.58 sccpm 
7.0 0 0 0 0 679 4.65 2.71 7-22 
9.0 0 0 0 0 
- 5.35 2.81 
10.0 0 0 0 0 694 
- -
11.0 0 0 0 0 - - 2.93 
13.0 0 0 0 0 706 
- 3. 15 
17.0 0 0 0 0 732 
- -
Table IS Test matrix and results summary for along the flow channel coflow 
measurements 
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Test Figure Cas Relative Humidity Measured Total 
Description number Pressure (%RH) Voltage @ Current 
(Barg) 3.0 Amps (Amps) 
H, Air H, Air @ Air @ Air @ 
(mV) @ 0.5 @ 0.7 
3.0A 0.5 V 0.7V V V 
Decrease 3.0 3.0 173 103 96 113 563 3.51 2.26 
pressure while 2.5 2.5 151 90 86 104 555 3.43 2.10 
maintaining air 2.0 2.0 129 77 73 92 549 3.36 2.00 
stoichiometry at - 1.5 1.5 108 64 62 79 534 3.26 1.87 2.0. 
1.0 1.0 86 65 516 51 51 3. 16 1.76 
Temp = 60' C, 0.5 0.5 65 39 39 50 476 2.99 1.61 
Compaction 3.0 3.0 0 0 0 0 591 3.88 2.50 
Pressure = 200 2.5 2.5 0 0 0 0 584 3.7 1 2.36 
N/cm' , 2.0 2.0 0 0 0 0 576 3.60 2.23 
-Hydrogen 1.5 1.5 0 0 0 0 565 3.45 2.08 
Flowrate = 310 1.0 1.0 0 0 0 0 544 3.36 1.95 
sccpm 
0.5 0.5 0 0 0 0 506 3.20 1.76 
Air Stoi-
chiometrv 
2.0 131 77 73 89 564 3.39 2.08 
3.0 131 66 61 73 605 3.72 2.26 
4.0 131 59 55 65 623 3.95 2.34 
5.0 131 55 51 59 633 4. 13 2.4 1 
Increase 7.0 13 1 5 1 46 53 650 4.42 2.52 
stoichiometry - 9.0 131 - 44 49 - 4.86 2.63 
while 10.0 13 1 47 
- -
667 
- -
maintaining 11.0 131 - - 47 - - 2.70 pressure at 2.0 
13.0 131 45 45 680 2.87 barg - -
15.0 131 - - 47 - - 3.09 
Temp = 60' C, 17.0 131 43 - - 704 - -
Compaction 2.0 0 0 0 0 599 3.70 2.29 Pressure = 200 3.0 0 0 0 0 641 4.03 2.5 1 N/cm2 , 
4.0 0 0 0 0 659 4.26 2.66 
Hydrogen 5.0 0 0 0 0 668 4.41 2.67 Flowrate = 310 
7.0 0 0 0 0 679 4.67 2.76 sccpm 
9.0 0 0 0 0 - - 5.26 2.88 
10.0 0 0 0 0 694 
- -
11.0 0 0 0 0 - - 2.98 
13 .0 0 0 0 0 714 
-
3.20 
15.0 0 0 0 0 - - -
17.0 0 0 0 0 741 
- -
Table 16 Test matrix and results summary for along the flow channel 
counterflow measurements 
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Test Figure Gas Relative Humidity Measured Total 
Description number Pressure (%RH) Voltage @ Current 
(Barg) 3.0 Amps (Amps) 
H, Air H, Air @ Air @ Air @ (mY) @ 0.5 @ 0.7 
3.0 A 0.5 V 0.7V V V 
Decrease 3.0 3.0 173 96 90 II1 568 3.57 1.93 
pressure wh ile 2.5 2.5 151 84 80 99 561 3.50 1.84 
maintaining air 
7·34 2.0 2.0 129 72 69 87 544 3.4 1 1.76 stoichiometry at 1.5 1.5 108 60 59 73 541 3.32 1.72 2.0. 
1.0 1.0 86 48 48 60 531 3.23 1.62 
Temp = 60°C, 0.5 0.5 65 36 36 46 507 3.09 1.50 
Compaction 3.0 3.0 0 0 0 0 590 3.82 2.36 
Pressure = 200 2.5 2.5 0 0 0 0 573 3.70 2.21 
N/cm' , 2.0 2.0 0 0 0 0 560 3.58 2.07 7·35 Hydrogen 1.5 1.5 0 0 0 0 551 3.53 1.98 
Flowrate = 310 1.0 1.0 0 0 0 0 549 3.47 1.83 
sccpm 
0.5 0.5 0 0 0 0 531 3.29 1.55 
Air Stoi-
chiometrv 
2.0 129 72 69 83 564 3.41 1.94 
3.0 129 63 59 71 588 3.66 2.03 
4.0 129 58 54 65 604 3.82 2.09 
5.0 129 54 51 60 611 3.96 2. 10 
Increase 7.0 129 50 47 54 626 4.21 2. 17 
stoichiometry 7-36 9.0 129 - 44 50 - 4.67 2.23 
while 10.0 129 46 - - 646 - -
maintaining 11.0 129 - - 48 - - 2.30 pressure at 2.0 
13.0 129 44 46 667 2.36 barg - -
15.0 129 - - 45 - - 2.50 Temp = 60·C, 17.0 129 43 - - 688 
- -
Compaction 2.0 0 0 0 0 588 3.63 2.21 Pressure = 200 3.0 0 0 0 0 611 3.93 2.30 N/cm2 , 
4.0 0 0 0 0 626 4.10 2.36 
Hydrogen 5.0 0 0 0 0 636 4.27 2.43 Flowrate = 310 7.0 0 0 0 0 654 4.70 2.50 sccpm 
7-37 9.0 0 0 0 0 - 5.39 2.61 
10.0 0 0 0 0 676 
- -
11.0 0 0 0 0 
- - 2.7 1 
13 .0 0 0 0 0 699 
- 2.88 
15.0 0 0 0 0 - - 3.10 
17.0 0 0 0 0 718 
- -
Table 17 Test matrix and resu lts summary for across the flow channel 
measurements 
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7.3 Slatted Fuel Cell Results - Along the Gas Flow Channel 
The slatted fuel cell was first tested at standard operating conditions of 2 barg on the 
hydrogen and air streams, a cell temperature of 60°C, humidified feed gases, and a 
coflow configuration. Figure 7-6 shows the current distribution down a single gas 
flow channel for this operating condition. The current density at the entrance of the 
gas channel was 1.04 Ncm2, it then rapidly decreased in the first 10 mm of the gas 
channel to 0.9 Ncm2 The current density then steadily decreased by 0.2 Ncm2 from 
10 mm to 100 mm down the channel, and finally dropped rapidly towards the exit, 
reaching a minimum current density 0[0.5 Ncm2• 
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Figure 7-6 Graph of current distribution down the flow channel 
The initia l peak of the current density at the entrance of the flow channel is thought to 
be due to the increased turbulence caused by the inlet geometry of the flow channel. 
Figure 7-7 shows the predicted flow of reactant gas through a simple gas flow channel 
design. This graph was produced using computational fluid dynamics to predict the 
gas flows. This work was carried out by Shaw[l46] in a parallel project. The increased 
turbulence of the gases around the entrance to the gas flow channels can clearly be 
seen before the gas flow becomes fully developed. This graph was produced using a 
flow channel length of 15 mm and a Reynolds number of 50. In the slatted fuel cell 
result, shown above, the flow channel was 137 mm long and the Reynolds number at 
the inlet was approximately 1000 (The transition from larninar to turbulent flow 
occurs at around Re = 2200). These conditions for the actual fuel cell in operation will 
magnify the effects seen in figure 7-7. 
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Figure 7-7 Predicted gas flow through five gas flow channels including the 
manifold 11461 (Reynolds number of inlet flow = 50, gas flow chanoelleogth = 
15mm) 
The decrease in the current density in the central portion of the gas flow channel was 
probably caused by the decrease in the oxygen concentration in the flow channel. 
Figure 7-8 shows the predicted molar ratios, produced from the gas flow model in 
chapter 6, down the flow channel for the above operating conditions. As the air travels 
down the flow channel it quickly becomes fully saturated (> I 00% RH) resulting an 
increasing quantity of liquid water accumulating in the channel. As more and more 
water enters the flow channel, the molar ratio of oxygen decreases, eventually 
reaching less than 9 % towards the exit. 
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The decrease in the current density in figure 7-6 in the final 40 mm of gas channel is 
thought to be due to the liquid water in the gas stream causing a restriction to the 
oxygen molecules diffusing to the catalyst sites. The hydrophobic nature of the gas 
diffusion layer causes this effect only to occur when there is significant liquid water 
present in the gas stream 
7.3.1 Humidity Effects 
The effects of humidity down a single gas track were investigated using the slatted 
fuel cell. Figure 7-9 shows a comparison between humidified and unhumidified feed 
gases on the current distribution down a single gas track the coflow configuration. At 
an air stoichiometry of 2, the current density at the entrance of the gas flow channel 
was lower with unhumidified feed gases than with humidified feed gases. However, 
the current density produced with the unhumidified feed gases rapidly increased by 
over 30% in the first 5 mm of gas track, whereas the current density with humidified 
feed gases steadily decreased over the entire length of gas flow channel. The 
performance of the fuel cell supplied with unhumidified feed gases reached a 
maximum between 5 and 10 mm down the gas channel from where it decreased 
steadily towards the exit. The effective current density of the fuel cell with both feed 
gas configurations approached an average of 0.55 Ncm2 at the exit of the gas flow 
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channel. These current density profiles resulted in a 15% improvement in the total 
current produced by the cell with unhumidified feed gases as opposed to humidified 
feed gases. 
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Figure 7-9 Effect of humidification conditions on the current distribution along 
the flow channel- coflow configuration 
For an air stoichiometry of 5, the current density produced with unhumidified feed 
gases initially peaked at 1.9 Ncm2 around a distance of 5 mm down the gas channel 
before steadily decreasing to a minimum of approximately 0.8 N cm2 at the exit of the 
gas flow channel. With humidified feed gases, the effective current density rapidly 
decreased to I Ncm2 in the first 10 mm of the gas channel, it then remained constant 
to 90 mm down the gas channel and then steadily decreased to a fmal current density 
of 0.8 Ncm2 The total current produced by the cell at an air stoichiometry of 5 
increased by 12% when the feed gases are unhumidified. 
The initial low current densities encountered with unhumidified feed gases are most 
likely a result of insufficient hydration of the membrane in this region. Due to the 
different water retention and transport properties between the GORE and Nafion 117 
membranes in addition to the lower cell temperature, the GORE membrane hydrates 
much more rapidly than the Nafion membrane. This results in the maximum current 
density occurring in the first 10 mm of gas channel using the GORE membrane. 
Figures 7-10 and 7-11 show the predicted molar ratios and humidit ies for the 
unhumidified and humidified feed gas configurations respectively. When the fuel cell 
187 
is supplied with unhumidified feed gases the humidity of the air in the fIrst 10 mm of 
gas channel increases linearly to 25 %RH, while the hydrogen humidity increases to 
just a few %RH. These values of humidity appear to be sufficient to fully hydrate the 
membrane. The relative humidities of both gas streams then increase steadily at equal 
rates until a distance of approximately 80 mm along the gas flow channel, where the 
hydrogen humidity approaches a value of 82 %RH, and all the water produced by the 
reaction now enters the air flow stream which reaches a maximum humidity of almost 
200%RH. 
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Figure 7-10 Predicted humidities and gas molar ratios for unh umidified feed 
gases - collow configuration 
The model prediction for the humidified feed gas configuration, figure 7-11, shows 
that the humidity of the hydrogen gas stream decreases to 82 %RH in the frrst 20 mm 
of gas flow channel and then remains at this value for the rest of the length of gas 
channel. The humidity of the air stream increases rapidly for the fIrst 20 mm 0 f the 
flow channel and then increases steadily to a maximum of 400 %RH at the exit. 
The molar ratio of the oxygen decreases uniformly in both humidification 
configurations, with the oxygen concentration being approximately I. 5 % lower for 
the humidified feed gas case. 
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Figure 7-11 Predicted humidities and gas molar ratios for humidified feed gases 
- coflow configuration 
Figure 7-12 shows a comparison between the current density produced down the gas 
channel by humidified and unhumidified feed gases for the counterflow gas flow 
configuration. At an air stoichiometry of 2, the current density produced with 
unhumidified feed gases was approximately 10% greater than with humidified feed 
gases over the entire length of the gas track. Both gas humidification conditions 
resulted in a rapid decrease of current density in the initial 20 mm of the air flow 
channel. The current density then decreased steadily to a distance of 110 mm down 
the air flow channel from where it started to decrease more rapidly towards the exit. 
The current density profiles at an air stoichiometry of 5 were similar to the profiles at 
the lower stoichiometry except for the decrease in current density for both feed gas 
humidification conditions was lower in the central portion of the gas flow channel. 
The current density profiles resulted in a 7% improvement in the total current 
produced by the fuel cell operating on unhumidified feed gases instead of humidified 
feed gases. 
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The current distribution profiles shown in figure 7-12 may be related to the predicted 
gas and humidity distributions with reference to figures 7- 13 and 7-14. For the fuel 
cell supplied with unhumidified feed gases, figure 7-13, the humidities on the right of 
the graph (137 mm, air stream inlet, hydrogen stream outlet) are predicted to be 30 
%RH and 0 %RH for the hydrogen and air streams respectively. This humidity fo r the 
hydrogen appears to be sufficient to humidify the membrane in this region of the cell. 
The current density in figure 7- 12 then decreases in the central portion of the gas 
channel due to depletion of the oxygen. 
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For the humidified feed gases, figure 7-14, the humidities on the right of the graph are 
both approximately 75 %RH. The air humidity then steadily increases to the exit of 
the flow channel. The hydrogen humidity is initially set to 131 %RH as in the 
experiment, and then decreases to 82 %RH at a distance of 40 mm down the flow 
channel and remains at this value to the exit of the flow channel. Therefore, the 
humidities in this case are sufficient to humidify the membrane throughout, and the 
drop in current density is most likely caused by the decrease in oxygen concentration 
as the air travels down the flow channel. 
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7.3.2 Pressure Effects 
The current distribution down a single gas track with increasing pressure is shown in 
figure 7-15 for humidified inlet gases. The current densities at the entrance of the gas 
channel increased with increasing pressure. As the pressure of the air was increased, 
the molar concentration of oxygen also increased resulting in an increase in the 
current density. 
figure 7-16 shows the predicted distributions of gas and humidity down the flow 
channel. As the gas travels down the flow channel, the higher the air pressure the 
more water that enters the flow channel from the electrochemical reaction. This 
results in the molar ratio of oxygen decreasing with air pressure as the air travels 
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down the gas channel. The effect of this is a 1.5% drop in the molar ratio of oxygen at 
the flow chartnel exit as the pressure is increased from 0.5 barg to 3 barg. This 
decrease in the oxygen molar ratio as the pressure is increased opposes the greater 
oxygen concentrations due to the higher pressure resulting in the current densities 
converging towards the exit of the flow channel. 
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Figure 7-17 shows the current distribution down a single gas track with increasing 
pressure for unhumidified feed gases. The current densities at the entrance to the flow 
channel again increased with gas pressure as with humidified feed gases. The effect of 
the decrease in the oxygen molar ratio with increasing pressure, figure 7-18, is less 
significant due to the lower water contents in the gas streams. Therefore, much lower 
convergence is seen between the different pressures towards the exit of the flow 
channel compared to when the ceU is supplied with humidified gases. 
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Figure 7-17 Effect of gas pressure on the current distribution along the flow 
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The global effects of increasing pressure on the performance of the fuel cell can be 
seen in figure 7-19. This graph shows that increasing the pressure had a significant 
effect on the performance of the fuel cell. As an example, increasing the pressure 
from 0.5 barg to 3 barg resulted in a performance enhancement of 21 % when the cell 
was operated in counterflow configuration and supplied with unhumidified gases. 
Figure 7-19 also shows that when the fuel cell was supplied with humidified feed 
gases, the performance was increased by 20% when operated in counterflow 
configuration as opposed to coflow configuration. The increase in performance when 
the fuel cell was supplied with unhumidified gases was less significant, resulting in a 
4% improvement when operated in counterflow configuration. 
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7.3.3 Stoichiometry Effects 
The effects of stoichiometry on the performance down a single gas track for the fuel 
cell supplied with humidified feed gases is shown in figure 7-20. The performance at 
the entrance to the gas flow channel increased substantially with increasing 
sto ichiometry. The reason for this effect is most likely due to the increase in 
turbulence around the inlet of the flow track. As the stoichiometry of the air was 
increased, the mass flowrate also increased and since the pressure of the gas is 
approximately constant, the vo lume flowrate increased. An increase in the vo lume 
flowrate results in greater turbulence in the gas. 
As the air travelled down the flow channel an increase in the stoichiometry resulted in 
a lower drop in the current density. This may be explained with reference to figure 
7-21 which shows the predicted distributions of the gas and humidity flows down a 
single gas track. As the stoichiometry is increased the relative humidity of the air 
stream decreases towards the exit of the flow channel. The effect of this is to lower 
the drop in oxygen molar ratio down the flow channel as the stoichiometry is 
increased. Since the current density is related to the concentration of oxygen, this 
results in a lower current density drop with increasing stoichiometry. 
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Figure 7-21 Predicted humidities and gas mola r ratios for increasing air 
stoichiometries, gases humidified, coflow configuration, gas pressures = 2 barg 
The current distribution for the slatted fuel cell supplied with unhumidified inlet gases 
is shown in figure 7-22. This graph shows that the current density initially rises in the 
first few millimetres of flow channel reaching a peak at approximately 3 mm down 
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the gas track for all stoichiometries. As with the humidified condition, the magnitude 
of the current density peak increased with sto ichiometry. 
The effects of the stoichiometry on the oxygen depletion down the flow channel was 
less significant than when the cell is supplied with humidified feed gases. As may be 
seen from the predicted gas flow distributions, figure 7-23, the oxygen molar ratio 
towards the exit of the flow channel only significantly decreases with sto ichiometry as 
the air stoichiometry is reduced below 3. The reason for this is that the hydrogen gas 
stream only approaches full saturation at the exit when the air stoichiometry is less 
than 3. This effect is shown in figure 7-22 by a larger drop in the current density at the 
exit of the flow channel when the stoichiometry is decreased from 3 to 2 compared to 
when the stoichiometry is decreased from 9 to 3 . 
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Figure 7-23 Predicted humidities and gas molar ratios for increasing air 
stoichiometries, gases unhumidified, coflow configuration, gas pressures = 2 barg 
The global effects of increasing the stoichiometry on the performance of the fuel cell 
are shown in figure 7-24. The best performance was achieved with unhurnidified feed 
gases. The current densities achieved with unhumidified feed gases vary only slightly 
when the flow configuration is changed from coflow to counterflow. The performance 
enhancement achieved by operating the fuel cell on unhumidifed feed gases as 
opposed to humidifed feed gases was 26% for the coflow configuration and 8% for 
the counterflow configuration. 
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7.4 Slatted Fuel Cell Results - Across the Gas Flow Channel 
A schematic of the fuel cell across a gas track is shown in figure 7-25. The reactant 
gas and water diffuse through the gas diffusion layer to the catalyst sites and the 
current that is produced at the catalyst layer has to travel around the flow channel to 
the bottom of the flow field plate. Yi and Nguyen [145] produced a model which 
predicted the width-wise current density from a consideration of gas diffusion from 
the flow channel through the gas diffusion layer to the catalyst sites. They showed that 
the concentration of the gaseous species drops by 90% within approximately 0.5 mm 
of the edge of the gas channel for a I mm wide gas channel. This effect results in the 
current density produced at the catalyst surface dropping from 9 Alcm2 to 
approximately I Alcm2 at a distance of 0.5 mm from the edge of the gas channel. 
Since there is no compact ion force exerted on the gas diffusion layers above the gas 
flow channel, the gas diffusion layer deflects into the flow channel. This increased 
thickness in addition to the reduced contact pressure results in an increase in the 
resistance of the gas diffusion layer directly above the flow channel, figure 7-26. It 
can be seen that the resistance across the plane is more than an order of magnitude 
less than that through the plane. The effect of this is to reduce the current density 
directly above the flow channel. 
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Figure 7-25 Diagram of the gas flow channel in a fuel cell looking down the flow 
channel. Also shown are suggested current flow and gas flow paths 
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Figure 7-26 Graph of the resistivity characteristics with increasing load of the 
GORE-SELECT Carbel CL gas diffusion laye r 
Figure 7-27 shows the width-wise distribution of current measured by the shims 
around a single gas channel. The results from the slatted fuel cell operating with gases 
supplied to an MEA and the slatted fuel cell operating in resistance configuration are 
included in this graph. The fuel cell data shows that the current density was reduced to 
50% of its peak value in a distance of approximately 8 mm from the edge of the flow 
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channel. The effect of the current drop due to the deflection of the gas diffusion layer 
into the flow channel can also be seen. 
The data for the slatted fuel cell operating in the resistance configuration shows that 
for a 2.0 mm wide contact area the current distribution around a single gas track 
shows a similar trend. The peak current was reduced from the fuel ceU measurements 
and the current was spread over a broader area The lower peak and increased current 
spread in the resistance configuration was most probably due a slightly lower 
compaction pressure applied to the resistance configuration setup as to the fuel cell 
setup. Although the compaction pressure was accurately measured using the 
deflection of the bevel washers, a slightly different compression characteristic of the 
expanded PTFE gasket would result in different compaction pressures exerted on the 
gas diffusion layers. This would correspondingly affect the contact resistance between 
the current collectors and the gas diffusion layers . 
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Figure 7-27 Current distribution across the gas flow channel for the fuel cell and 
the resistance configuration 
The results for the resistance configuration of slatted fuel cell show that the current 
spreads out from an initial contact breadth of 2 mm at the top surface of the gas 
diffusion layer to a breadth of over 60 mm measured by the shims. In order to 
investigate this phenomenon further a model was developed using an equivalent 
circuit network to represent the resistances in the resistance configurat ion slatted fuel 
cell. A description of this model is included in appendix C. 
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Figure 7-28 shows the current distribution around a single gas track at varymg 
distances from the top surface of the gas diffusion layer (conducting track). The 
current density is displayed on a logarithmic scale due to the widely varying current 
density values that are encountered as the current travels through the gas diffusion 
layer. The current density at the top surface of the gas diffusion layer peaks at 8 
Alcm2 and drops of sharply towards the centre of the gas flow channel. As the current 
travels through the gas diffusion layer, the magnitude of the peak reduces and the 
current distribution becomes more uniform. 
10000 
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[)ism,," across gas ftow channel (mm) 
Figure 7-28 Graph showing predicted current distributions at various planes of 
the gas diffusion layer 
The predicted current distribution measured by the shim may be seen more clearly 
with reference to figure 7-29. This graph shows that the spreading of current predicted 
by the equivalent circuit model matches closely the current distribution measured in 
the resistance configuration slatted fuel cell. 
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The effect of increasing the breadth of the contact area at the top of the gas diffusion 
layer can be seen in figure 7-30. As the breadth of the contact area increases the peak 
of the current becomes less defined and the current density 10 mm from the edge of 
the gas flow channel increases. As the distance from the gas flow channel increases 
the values of current density converge. 
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The effect of the phenomenon of current spreading through the gas diffusion layer 
may be seen in a practical fuel cell with reference to figure 7-31. This graph shows the 
current distribution around five gas tracks (width 1 mm, depth 1 mm, shoulder width 
2 mm). The peaks of the current density values vary between the gas flow channels 
with the maximum occurring around channel 4. If the gas tracks were supplied with 
uniformly distributed reactant gas the expected distribution would reach a maximum 
around the central flow channel. The probable reason for the maximum peaks 
occurring towards the latter gas flow channels is due to the higher gas velocities in 
these flow channels. Figure 7-32 shows the predicted gas velocities in a 5 channel gas 
track design. This contour map was produced using a computational fluid dynamics 
model with the simple channel geometry's shown. This work was carried out by 
Shaw(l46] at Loughborough University. This map shows that the further the entrance 
of the channel is away from the inlet to the gas manifold the greater the gas velocity is 
in that channel. 
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model (146( (Reynolds number = 50, flow channel length = 15 mm) 
7.4.1 Humidity Effects 
Figure 7-33 shows the distribution of current around a single air flow track for a fuel 
cell supplied with and without humidification. At both low and high stoichiometries 
the peak current density is approximately 20% higher for humidified feed gases than 
for unhumidified feed gases. For the fuel cell supplied with unhumidified feed gases 
the spreading of the current is greater which contributes to an increased total current. 
A possible explanation for the lower peak currents achieved with unhumidified feed 
gases is that because the levels of humidification are lower, the gases are able to 
diffuse a greater distance from the gas flow channel. The increased diffusion rates 
would result in a wider reaction zone and hence from considering figure 7-30 would 
decrease the peak of the current and cause a greater spreading of the current. 
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Figure 7-33 Current distribution around a single flow channel for varying 
humidification conditions 
7.4.2 Pressure Effects 
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The effects of pressure on the width-wise distribution of current around a single flow 
channel are shown in figures 7-34 and 7-35 for humidified feed gases and 
unhumidified feed gases respectively. These graphs show that the peak of the current 
density at the catalyst surface increases with increasing pressure. In addition, an 
increase in pressure results in an increased spreading of the current which is most 
probably caused by the breadth of the reaction zone increasing with pressure. 
Since the concentration of oxygen increases with increasing pressure it may be 
expected that the peak of the current density also increases with increasing pressure. 
The increase in the width of the reaction zone may be explained by the rate of 
diffusion being proportional to the pressure differential between two points and hence 
an increased pressure results in an increased diffusion rate. 
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7.4.3 Stoichiometry Effects 
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The effects of stoichiometry on the performance around a single gas track are shown 
in figures 7-36 and 7-37 for humidified feed gases and unhumidified feed gases 
respectively. These graphs show that an increase in the stoichiometry increases the 
peak of the current density and produces a greater spread of current around a single 
gas flow channel. 
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7.5 Conclusions 
This chapter describes the measurement of current distribution around a single gas 
flow channel. The results were acquired on a flow channel of dimensions 137 x 1 x I 
mm using a Gore-Select Primea membrane. The operating conditions were a cell 
temperature of 60°C, varying hydrogen and air humidities, gas pressures from 0.5 to 4 
barg, and air stoichiometries of2 to 17. The current distribution was also measured in 
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coflow and counterflow configuration. A simple gas and humidity flow model was 
developed to aid in the analysis of the current distribution measurements. 
The current distribution measurement along the flow channel produced a high initial 
performance around the entrance. The current density then rapidly decreased in the 
first 20 mm, dropped slowly for the next 80 mm of flow track before rapidly 
decreasing again towards the exit. The high current densities at the flow channel 
entrance are thought to be due to the extra turbulence in the flow caused by the inlet 
flow geometry. This initial current density increased with stoichiometry indicating a 
more turbulent flow as the flowrate was increased. The drop in performance in the 
central section of the flow channel is described by the decrease in oxygen 
concentration as the quantity of liquid water and water vapour increases down the 
flow channeL The magnitude of this current density drop decreased as the 
stoichiometry was increased due to the lower hurnidities of the air as the flowrate was 
increased. The drop in current density in the final 40 mm of flow channel is thought to 
be due to water accumulation in the flow channel restricting oxygen flow to the 
catalyst sites. 
The current density across the flow channel displayed a ' binomial type' distribution 
over a breadth of 60 mm. The peak in the current distribution showed a sharp drop in 
the current density directly above the flow channel. A similar current distribution was 
obtained when the MEA was replaced by two carbon cloths separated by an insulating 
sheet with a 2 mm slot removed from the centre. This distribution was therefore 
caused by the current spreading from an initial width of 2 mm at the front surface of 
the carbon cloth to a width of 60 mm at the back face of the cloth. Resistance 
measurements on the gas diffusion layer revealed that the resistivity of the carbon 
cloth is 30 times greater across the plane of the cloth as opposed to through the plane 
of the cloth. This has the effect of magnifying the spread of current through the 
carbon cloth. 
An equivalent electrical circuit model was used to investigate the effect of changing 
the width of the slot in the insulating layer on the current spreading. A slot width of 
between 2 and 10 mm was found to give similar current distributions to that measured 
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in the slatted fuel cell. Therefore, it may be deduced from these results that the 
reactant gases diffuse by up to 10 mm away from the edge of the flow channel. 
The best fuel cell performances were achieved when the feed gases were 
unhumidified before entering the cell. When the slatted fuel cell was operated in the 
unhumidified, co flow configuration, the current density initially rose sharply, 
reaching a maximum in the flfst 10 mm and then slowly decreased towards the exit. 
For the humidified, co flow configuration, the current density was lower over most of 
the flow channel than with unhumidified feed gases, decreasing slowly from the 
entrance to the exit of the flow channel. The peak of the width-wise current 
distribution was greatest for the humidified feed gases, but the spread of current was 
greater for the unhumidified feed gases. This indicates that the diffusion of the 
reactant gases in the unhumidified configuration occurred over a greater area than for 
the humidified configuration. 
For the counterflow configuration, the unhumidified feed gases produced higher 
current densities over the entire length of the flow channel. In the unhumidified, 
counterflow configuration, since there is always a quantity of water in either gas 
stream, the membrane does not appear to be insufficiently hydrated in any part of the 
cell. 
An increase in pressure resulted 10 an improvement in the current density at the 
entrance to the flow channel. However, since the higher pressures cause more water to 
enter the gas streams, the current density values converged towards the exit of the 
flow channel. An increase in pressure also caused the peak of the width-wise current 
distribution to increase. The reason for this is most likely due to the increased oxygen 
concentration at the higher pressures. 
An increase in the air stoichiometry led to an improvement in the initial current 
density at the entrance to the flow channel. This effect is probably due to the 
increased turbulence of the flow at the entrance to the flow channel because of the 
higher flowrates. Since the rise in gas humidity along the flow channel decreases with 
increasing stoichiometry, the magnitude of the current density drop along the central 
portion of the flow channel decreased with increasing air stoichiometry. The current 
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density peak from the measurements across the flow channel also increased as the 
stoichiometry was increased. 
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Chapter 8 
212 
8 Discussion of Results 
8.1 Performance down a single gas flow channel 
The current distribution measurement down the flow channel is shown in Figure 8-1. 
The current density at the entrance to the flow channel was initially high (1.03 
Alcm2), it then decreased in a logarithmic fashion for the first 20 mm of flow channel. 
Over the next 80 mm, the current density dropped linearly and finally reduced in an 
exponential type trend in the last 40 mm of the flow channel. 
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Figure 8-1 Graph of current distribution down the flow channel prod uced using 
the slatted fuel cell 
A fuel cell model predicting the current density distributions down the flow channel 
was produced by Weisbod et ai, Figure 8-2. The membrane used in this study was 
Nafion® 112. This graph shows a maximum current density at the entrance to the 
flow channel of 1.25 Alcm2. The performance then drops to a minimum at 
approximately 20% down the flow channel before increasing to I. 15 Alcm2 at a 
distance of approximately 40% down the flow channel. Finally, the current density 
decreases linearly to the exit of the flow channel. 
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Figure 8-2 Relative humidities of the anode and cathode gas streams along the 
gas flow channel l1J21 
Although both graphs show similar trends in the first 20% of the flow channel length, 
it is thought that they are caused by different effects. In the model the hydrogen 
humidity is initially 100% RH and the air humidity is initially 50% RH, therefore the 
net transport of water is from the anode to the cathode. The transfer of water from 
anode to cathode in the first 20% of flow channel causes the humidity of the hydrogen 
gas stream to decrease. As the hydrogen humidity decreases, the membrane is likely 
to become less hydrated and therefore its proton conductivity decreases. This results 
in the current density decreasing in the initial portion of the flow channel. 
In the experimental results, the initial drop in current density is thought to be caused 
by the turbulence in the gases produced by the inlet manifo Id to the flow channel. 
There are several reasons for this hypothesis. Firstly, as the stoichiometry of the air 
stream was increased, although the humidity of the air stream decreased, the initial 
current density at the entrance to the flow channel increased. Therefore, the velocity 
of the gases at the inlet appears to have a greater affect on the current density at the 
entrance to the flow channel than the humidities of the gases. 
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Secondly, when the slatted fuel cell was operated on unhumidified feed gases, the 
current density reached a maximum at approximately 10 mm down the flow channel 
where the gas humidities were predicted to be 3% RH and 25% RH for the hydrogen 
and air streams respectively. This result shows that only a small quantity of water in 
the gas streams is required for the membrane to be sufficiently hydrated. 
Finally, the modelling results produced by Shaw et al [146J, Figure 7-7, show an 
increased turbulence in the gases at the entrance to the flow channel. 
The Weisbod model shows an increase in the current density from 20% to 40% of the 
length of the flow channel. This is thought to be caused by the increasing humidity of 
the reactant gases resulting in increasing hydration levels in the membrane and 
therefore an increase in the proton conductivity of the membrane. 
In the experiments, this effect is only seen when the reactant gases are unhumidified. 
At these humidification conditions, a sharp increase in the current density is seen in 
the first few millimetres of flow channel. 
In the final 60% of the length of the flow channel, the Weisbod model predicts that 
the current density steadily decreases. This is thought to be due to the decreasing 
partial pressure of the oxygen at the reaction interface as the quantity of water 
increases further down the flow channel. 
The experimental results also show the same effect of decreasing current density as 
the gas travels down the flow channel. This is again thought to be caused by the drop 
in the partial pressure of oxygen as the gases travel down the flow channel. The 
reason for this explanation is due to the lower drops in current densities encountered 
with higher air stoichiometries. As the air stoichiometry is increased, the rate of flow 
of oxygen increases and therefore the drop in the oxygen partial pressure should 
decrease. 
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8.2 Performance across a s ingle flow channel 
The width-wise current distribution around a single flow channel, figure 8-3, displays 
a ' binomial' type distribution with a sharp depression in the centre of the peak. This 
graph shows that the current density reduces to SO % of its maximum value in 8 mm 
from the edge of the flow channel. The current measured by the shims extends 
approximately 30 mm either side of the flow channeL 
The current distribution produced by the resistance configuration also showed a 
similar distribution to that of the fuel cell. For the resistance configuration, the MEA 
was replaced by two carbon cloths with a thin insulating layer (30 microns) separating 
them. A 2 mm wide slot was cut out from the insulating layer to enable the current to 
pass through the slot. From these measurements, it was deduced that the reason for the 
current distribution being spread over 30 mm was due to the current spreading 
through the gas diffusion layer. Resistance measurements of the carbon cloth showed 
that the resistance across the plane of the carbon cloth was thirty times greater than 
the resistance through the plane of the cloth. 
An equivalent circuit model was produced to determine the effect of the slot width on 
the current distribution measured at the shims. A slot width of between 2 and 10 mm 
was found to produce a current distribution that closely matched that of the fuel cell. 
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The across the flow channel measurement may be compared to the model produced by 
Yi and Nguyen (1451. Figure 8-4 shows the predicted distribution of oxygen in the gas 
diffusion layer. This graph shows that the concentration of oxygen decreases to 10% 
of the maximum concentration at a distance of 0.5 mm from the edge of the flow 
channel. This rate of concentration drop appears to be greater than actually achieved 
in the fue l cell measurements. The reason fo r this result could be due to a lower 
oxygen diffusion rate used in the model than is seen in the experiments. 
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Figure 8-4 Concentration distribution of reactant gas in the gas diffusion layer 
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8.3 Effects of humidification, pressures and stoichiometries 
on the current distribution around a single flow channel 
The slatted fuel cell was then used to investigate the effects of the feed gas 
humidification, pressures and stoichiometries. Humidification of the inlet gases was 
found to be detrimental to the performance of the fuel cell. The results on 
unhumidified feed gases showed an improvement in performance over humidified 
feed gases for most of the length of flow channel. For the unhumidified, coflow 
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configuration, the current density rose sharply to a peak at a distance of approximately 
5 mm along the flow channel. The current then decreased steadily towards the exit of 
the flow channel. The initial rise in current density is thought to be due to insufficient 
hydration of the membrane, but owing to the improved water transport properties of 
the Gore-Select membrane over Nafion 117, the membrane quickly hydrates with the 
water produced from the reaction. The improved performance on 'dry gases' as 
opposed to humidified gases is most likely because of the increased oxygen 
concentration in the cathode gas stream as a result of the lower water content. 
The width-wise distribution showed a higher peak of current density for the 
humidified gases, but the spread of current was greater for the unhumidified feed 
gases. This shows that the gases probably diffuse through a greater distance with a 
lower water content. 
Increasing the pressure of the reactant gases results in a rise in the current density at 
the entrance to the flow channel. However, since an increase in pressure causes more 
water to enter the flow channels, the current density values converge towards the exit 
of the flow channels. An increase in pressure also causes a rise in the peak of the 
width-wise distribution, which is probably caused by the higher partial pressure of the 
oxygen with greater gas pressures. 
An increase in the air stoichiometry results in a performance enhancement over the 
entire length ofthe flow channel. The greatest effect is seen at the entrance to the gas 
track where the increased flowrate causes greater turbulence in the flow and hence the 
partial pressure of oxygen increases at the reaction interfuce. The stoichiometry also 
affects the drop in current density in the central section of the flow channel. As the 
stoichiometry is increased the drop in current density decreases due to the greater 
water content that is able to be mixed with the gas flow. The peak of the current 
density in the width-wise measurement also increases as the stoichiometry is 
increased. Again, this is most likely due to the increased turbulence of the fuster 
flowrates causing an increase in the partial pressure of oxygen at the catalyst layer. 
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8.4 The effect of feed gas humidities on the current 
distribution 
The hydrogen and oxidant inlet humidities were varied to obtain maps of the fuel cells 
performance against the humidification levels. Two different MEAs were used to 
acquire the humidification maps, Nafion 117 with E-Tek electrodes for pure oxygen 
supplied to the cathode and a Gore-Select MEA for air supplied to the cathode. 
The humidification map produced with Nafion 117 as electrolyte showed that the cell 
performance dropped when the relative humidities of both gas streams were brought 
below 50%. This decrease in performance represented a reduction of 30% in the 
overall current when compared to the maximum current produced by the fuel cell. 
When the map of the current distribution is examined, at low humidities the 
performance drop is seen in particular in the central portion of the cell. This 
depression in the current distribution map occurs in the first 200 mm of the flow 
channels. This is thought to be caused by under-humidification of the polymer 
electrolyte membrane due to the low water contents in the reactant gas streams. 
A drop in the overall current from the fuel cell is also detected at high oxygen 
humidities and low hydrogen humidities (> 100% RH and < 20% RH respectively). 
Excess water in the oxygen gas stream resulting in the restriction of oxygen diffusion 
to the catalyst sites is believed to cause this effect. 
The results from the humidification map were used to produce the humidity 
operational envelope shown in figure 8-5. The operational limits on the 
humidification levels of the feed gases are shown when the colour turns from green to 
red. Operation in the red zone produces an average current density of less than 800 
rnA/cm2, whereas operation in the green zone produces an average current density 
greater than 800 rnA/cm2. 
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• 800 mAlcm2 + 
• 0 - 800 mAlcm2 
Hydrogen Humidity (%RH) 
Figure 8-5 Humidity operational map for H 2/0 2 fuel cell using Nafion 117 as 
electrolyte 
A humidification map was also produced by Weisbrod et aI fll2] from their modelling 
studies, figure 8-6. The humidification maps produced by this model and from the 
experiments in chapter 5 fo 1I0w the same trends as in the cell performance drops as 
the humidification on both gas streams is decreased. figure 8-6 shows that a reduction 
in performance is seen if the relative humidity of the cathode gas stream is reduced 
below 75% RH. At high cathode relative humidities, the model predicts that there is 
little effect in reducing the anode relative humidity. However, at a cathode relative 
humidity of less than 75% RH, reducing the anode humidity causes a significant 
decrease in the performance. 
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Figure 8-6 Humidification map for the solid polymer fuel cell at 1 A/cm2, 11321 
When the fuel cell is operated on air with a Gore-Select MEA the humidification map 
showed the opposite to the map produced with Nafion 117 i.e. the overall current 
decreased as the humidification levels were increased. The max.imum current was 
produced when the reactant gases were unhumidified before entering the fuel cell. 
The current distribution map at this condition showed a large peak in the current 
density in tbe centre of the cell. The reason for this peak is thought to be due to the 
high gas velocity at the inlet to the cell causing increased turbulence in this region. 
This phenomenon is described further in section 8.1 . The current distribution maps at 
higher humidities show uniform distributions with a maximum current density at the 
centre of the cell before decreasing steadily towards the outer circumference. 
The humidity operational envelope for the Gore-Select membrane supplied with air to 
the cathode is shown in figure 8-7. The green zones in this map indicate the 
humidification levels which give an average current density of over 700 mA/cm2 and 
the red zones indicate a performance of less than 700 mA/cm2. 
221 
• 700 mA/cm2 + 
• 0 - 700 mA/cm2 
Hydrogen Humidity (%RH) 
Figure 8-7 Humidity operational map for H2/Air fuel cell using Gore-Select 5000 
membrane as electrolyte 
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Chapter 9 
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9 Conclusions 
This thesis describes the development of a method to measure the spatial distribution 
of current density in a solid polymer fuel cell. The measurement of the current 
distribution was then used to determine the effects of feed gas humidities, pressures 
and stoichiometries on the performance of the fuel cell 
In order to measure the current distribution, one of the current collectors was 
partitioned into electrically isolated sections. The current flowing through each of the 
sections was then measured while maintaining an approximately constant potential 
across the front surface of the sections. Two separate segmented current collectors 
were developed for the measurement of the current distribution in different fuel cell 
designs. 
The first segmented current collector was based on a circular fuel cell with an 
electrode area of 80 cm2• This current collector was divided into eighty-eight square 
segments, each of area 1 cm2. A constant voltage was maintained at the electrode 
surface using separate control circuits connected to each segment. The control circuits 
also performed the measurement of the current flowing through each segment. 
Measurements of the current distribution versus the hydrogen and oxidant humidities 
were made using this segmented fuel cell. 
The second segmented current collector was built around a square fuel cell with an 
electrode area of 200 cm2• For this current collector, a series of 120 stainless steel 
shims were clamped between two end blocks with electrical insulation separating each 
one. The current flowing through each shim was measured across a current shunt 
incorporated into the shim. Since the resistance of the current shunt could be made 
extremely smal~ separate control circuits were not needed for this current collector. 
This current collector consists of a central zone of 48 shims, each of width 0.5 mm, 
and two outer zones of 36 shims, each of width 1.5mm. Using this design of current 
collector, accurate measurements of the current distribution around a single flow 
channel were obtained. These measurements were made at varying gas pressures, 
stoichiometries and inlet humidities. 
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The current distribution measurements on the 80 cm2 segmented fuel cell have shown 
that when Nafion 117 is used as electrolyte at a cell temperature of 80·e (H2/02), a 
performance drop is encountered when the inlet humidity of both gas streams are 
reduced below 50% RH. This magnitude of this performance loss is 30% of the 
maximum performance when both feed gases are unhumidified. The majority of the 
performance drop was seen in the inlet portion of the flow channel where it is thought 
that the low water contents result in dehydration of the membrane in this region. 
When the 80 cm2 cell was operated on a Gore-Select membrane at 60·e (H2/Air), the 
performance decreased as the humidity of both gas streams was increased. Maximum 
performance was achieved when both feed gases were unhumidified. The minimum 
performance was seen when the hydrogen humidity was 80% RH and the air humidity 
was 110% RH. The performance drop was thought to be caused by the increased 
water content in the gas streams resulting in lower partial pressures of the reactant 
species at the catalyst sites. 
The current distribution down the flow channel (length 13 7 mm) showed an initial 
high current density of 1.03 Alcm2. This is thought to be caused by the turbulent 
effects of the gases at the entrance to the flow channel. The current density then 
decreases in a logarithmic fashion in the first 20 mm of flow channel. Between 20 mm 
and 100 mm down the flow channel, the current density decreases linearly. This 
decrease is most likely caused by the decreasing partial pressure of oxygen as the gas 
travels down the flow channel. In the final 40 mm of flow channel, the current density 
decreases in an exponential type trend. This effect is thought to be due to the liquid 
water in the gas stream near to the exit restricting access for the oxygen to the catalyst 
sites. This will cause a significant decrease in the partial pressure of the oxygen at the 
reaction interface. 
The current distribution across the flow channel showed a 'binomial' type distribution 
with a depression in the centre of the peak. This distribution extended up to 30 mm on 
both sides of the flow channel. Although the diffusion of reactant gases is expected to 
extend over only a few millimetres, the gas diffusion layer causes a spreading out of 
the current. 
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9.1 Future Work 
The results presented in this thesis have proved that current distribution measurement 
is a valuable tool for investigating the cell design and flow parameters in a solid 
polymer fuel cell. Although this thesis covers a widespread variation in the fuel cell 
operating parameters, further experimental studies on the current distribution are 
necessary in order to improve the understanding in the design of solid polymer fuel 
cells. 
With the initial studies on the Gore-Select MEA, little improvement in performance 
was seen by increasing the temperature from 60°C to 80°C. Since then, further studies 
on updated Gore-Select membranes have revealed that the performance does increase 
significantly when the temperature is increased from 60°C to 80°C. Therefore, the 
parametric study conducted in chapter 7 should be conducted at the higher 
temperature to investigate the affects of this temperature on the humidification in the 
fuel cell. The expected result of this study would be that at low humidities of the feed 
gases, the dehydration of the membrane in the initial portion of the flow channel 
would become more of an issue. 
The main problems with the width-wise current measurement around a single flow 
channel were due to the current spreading through the gas diffusion layer and so 
limiting the information that could be gathered from the measurements. One method 
of reducing this problem is to cut slots into the gas diffusion layer to greatly increase 
the resistance across the plane. This would result in the current produced at the 
reaction interface being restricted to travelling in the direction through the gas 
diffusion layer only. Therefore, the current measured by the shims would be a direct 
measurement of the current produced at the reaction interface. 
The affect of the diffusion of gases and water through the gas diffusion layer could 
also be investigated by using a mUltiple gas track configuration Le. 5 gas tracks, with 
an initial shoulder width of 10 mm, and reducing the shoulder width with successive 
experiments. An ideal shoulder width would occur when the total current measured by 
the Cell decreases. This study should be conducted at varying pressures, 
stoichiometries, humidities, gas diffusion layer thickness' and gas track design 
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parameters I.e. width, depth and length. Since a large number of experiments is 
necessary to conduct this study, a factorial design for the experiments should be used. 
The model presented in chapter 6 should be further developed to include velocity of 
gas flow effects, temperature effects and eventually include an accurate model of the 
gas and water transport through the gas diffusion layers and membrane. This model 
should also be developed to predict the current distribution through a solid polymer 
fuel cell. 
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A Calculation of gas flowrates and humidities. 
The following analysis assumes that hydrogen, oxygen and air are perfect gases for 
the low pressures and temperatures used. 
A.1 Hydrogen Flowrate 
As can be seen from equation 1.1 there are 2 electrons transferred from the anode to 
the cathode with every hydrogen molecule. Each electron carries a charge of 
1.60217733 x 10.19 coulombs and there are 6.0221367 x 1023 molecules of hydrogen 
in I mole of hydrogen. Therefore, each mole of hydrogen produces a charge transfer 
of 192,970.618 coulombs. There are 1000 / 2.016 moles of hydrogen in 1 kg of 
hydrogen and hence I kg of hydrogen produces a charge transfer of 9.572 x 107 
coulombs. 
Now one amp is equal to one coulomb per second. Therefore the equation that relates 
the hydrogen flowrate (rit u ) to current (I) is: 
, 
. (kg!) LA 
mH, S = 9.572 x 107 Equation A.l 
where A is the stoichiometry of the gas flow. 
To convert this to volume flowrate the ideal gas equation is used, which gives the 
vo lume flowrate: 
-3 I.A.RH .T V (m /s)= ' 
H, 9.572 x 107.P 
Equation A.2 
where RH is the hydrogen gas constant = 4124.26 J/kg.K 
, 
T is the temperature 
P is the pressure 
Therefore, the volume flow rate of hydrogen in standard litres per minute (slm) is: 
Vu (slm) = 6.965 X 10-3.1. A 
, 
Equation A.3 
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A.2 Oxygen Flowrate 
Using the above analysis, except that there are 4 electrons transferred with every 
molecule of oxygen and substituting the relative molecular mass of oxygen instead of 
hydrogen, the oxygen mass f10wrate is defined as: 
. (kg!) I. A. 
mo, S = 1.206 X 10' 
Equation A.4 
Again, using the ideal gas equation to calculate the oxygen volume flowrate gives: 
3 I.A.. Ro .T V (m /s)= ' 
0 , 1.206 x 10'.P Equation A.5 
where Ro is the oxygen gas constant = 259.84 Jlkg.K 
, 
Therefore, the volume flow rate of oxygen in standard litres per minute (slm) is: 
V 0 (slm) = 3.483 X 10-3.1. A. 
, 
Equation A.6 
A.3 Air Flowrate 
Assuming that air contains 20.95% oxygen, the air f10wrate is calculated from the 
oxygen f10wrate by multiplying by 100 / 20.95. Therefore the mass flowrate of air is: 
. (kg! ) I. A. 
m Air S = 2.5266 X 106 Equation A.7 
Again, using the ideal gas equation to calculate the air volume f10wrate gives: 
-
. ( 3/) I.A. .RAir·T V . ID S = ----='----
AIr 2.5266 X 106.P Equation A.8 
where R Alr is the gas constant for air = 287. 1 Jlkg. K 
Therefore, the vo lume flow rate of air in standard litres per minute (slm) is: 
V Alr(slm) =18.369 X 10-3• I . A. Equation A.9 
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A.4 Humidity Calculations 
Specific humidity (00) is defined as the ratio of the mass of water vapour row to the 
mass of dry gas mg in any given volume of the mixture. Hence: 
Equation A.10 
where pw is the partial pressure of water vapour in the mixture which is found from 
tables(ref. Rogers and Mayhew) 
P is the total pressure of the mixture 
The relative humidity (q,) is defined as the ratio of the actual partial pressure of the 
water vapour to the partial pressure of the vapour when the gas is saturated at the 
same temperature. Therefore: 
Equation A.n 
where Ps is the partial pressure of water vapour at saturation point 
The humidity sensor used in this experimental study, section 5.2.3, measures the 
humidity of the gases directly. Therefore, in order to calculate the water content in the 
gas stream or the humidity at the cell temperature, if different to the humidification 
sensor temperature, the partial pressure of saturated water vapour at a particular 
temperature has to be determined. This can be obtained from tables or by using a 
function to express partial pressure in terms of temperature. This function is described 
by the Clausius-Clapeyron equation which assuming the enthalpy of vaporisation is 
independent of temperature, integrates to (reference Atkins): 
* -c Ps = Ps .e where c 
Mf JI I) 
...... '1 r* Equation A.12 
R. 
For water Mlvap,m(273K) = 45.05 kI/mol and Mlvap,m(373K) = 40.66 kI/mol 
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Therefore, the partial pressures for water vapour at selected temperatures are; 
Temperature (·C) Partial pressure (bar) 
0 0.006112 
5 0.008719 
10 0.01227 
20 0.02337 
30 0.04242 
40 0.08198 
50 0.1233 
60 0.1992 
70 0.3116 
80 0.4736 
90 0.7011 
100 1.01325 
In order to calculate the partial pressure of the water vapour for use in equations Al 0 
and All, an approximation to the exponential function was used. The approximation 
to the series e' is; 
x 2 x3 X4 
eX =l+x+-+-+-+ ... 
2! 3! 4! 
Therefore a fit to the above data was performed using a sixth order polynomial 
function to obtain the following equation; 
Ps = 0.00644367 + 0.000213948T + 3.43293x10-S<r2 -
2.7038lxI0-7r + 8.77696x10-~4 - 3.14035xI0-13T5 + 
3.82148x10-1"'f6 Equation A.13 
This equation gives the partial pressure of saturated water vapour to within 2% from 
O·C to 100·C. 
To calculate the change in humidity with a change in temperature, consider a closed 
vessel with a certain mass of water vapour, mw, and a certain mass of gas, mg' If the 
temperature of this system is raised, the masses of the water vapour and gas stay 
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constant. Therefore, with reference to equation Al 0 the partial pressure of the water 
vapour also remains constant. If tPI is defmed as the relative humidity at the initial 
temperature and tP2 is defmed as the relative humidity at the fmal temperature, the 
equation that relates these terms is: 
Equation A.14 
where Ps,] and Ps,2 are the saturated vapour pressures at the initial temperature and 
final temperature respectively, which are calculated from equation AI3 
To calculate the mass flow rates of the water vapour in the gas streams equations AI, 
A.4 or A 7 are substituted into equation Al 0 depending on which gas stream is being 
considered. Then equations All and AI3 are substituted into this equation giving 
the mass flow rate of water in terms of current, stoichiometry, relative humidity, total 
pressure and temperature of the system. 
For Hydrogen: 
thw = 9.33S8x to-8.I.A. tP·Ps 
p - tP·Ps 
For Oxygen: 
thw = 4.6684 x 10-8 .I.A. tP· Ps 
P - tP.Ps 
For Air: 
th .. = 24.6204 x 10-8.lA• tP·Ps 
p - tP·Ps 
Equation A.IS 
Equation A.16 
Equation A.17 
Finally to calculate the mass flowrate of water produced by the electrochemical 
reaction the same analysis is used as for equation A.I but using the relative molecular 
mass of water instead of hydrogen. 
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Equation A.1S 
The mass flowrates of water can be easily converted to volume flowrates of liquid 
water by dividing by the density of water, which at 4°C is 1000 kg/m3. 
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B Membrane-Electrode-Assembly Preparation 
Several different membrane electrode configurations were used ID the 
experimentation in this thesis. The MEA used for the experimentation in chapter 3 
consisted of Nation 117, hot-pressed between two E-Tek electrodes. The 
manufacturing procedure for this MEA is as follows: -
I. The membrane was first boiled in 2.5 Molar H2S04 for I hour. 
2. The membrane was then boiled in distilled water for I hour. 
3. The membrane was then rinsed and again boiled in distilled water for I hour. 
4. The electrodes, initially with a platinum loading of 0.35 mglcm2, were painted 
with a mixture of 0.65 mglcm2 platinum black and 0.6 mglcm2 of Nation™ 
solution to make the catalyst loading I mglcm2. 
5. The electrodes were cut to a diameter of 4.5 cm and placed either side of the 
membrane. 
6. The assembly was then heated to between 100 and 120°C between the plates of a 
mechanical press at low pressure. 
7. Finally, the pressure of the mechanical press was increased to 100 kglcm2 for I 
minute with the temperature at between 120 and 125°C. 
In chapter 4, Nation 117 was used for the segmented current collector Mks I and IT, 
and Nation 115 was used for the segmented current collector Mk ill. E-Tek electrodes 
were used with both membranes. The manufacturing procedure for these MEAs is the 
same as above except for step 4. For step 4, the platinum loading was increased to I 
mg/cm2 using a spray gun to apply the ink to the electrode. 
In chapter 5, for the H2/0 2 fuel cell, Nation 117 was used in conjunction with E-Tek 
electrodes. These MEAs were prepared using the same method as for chapter 4. For 
the H2/Air fuel cell, Gore-Select Primea series 5000 MEAs were used in conjunction 
with uncatalysed E-Tek carbon cloth. These MEA' s are purchased ready-prepared and 
therefore no processing was required before testing. 
For chapter 6, Gore-Select Primea series 6000 MEAs were used with Gore-Select 
Carbel CL gas diffusion layers. Again, this MEA didn't require any processing prior 
to testing. 
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The membrane-electrode-assemblies are summarised in Table B-1. 
Section Membrane Catalyst Catalyst Gas Diffusion 
Loading application Layer 
metbod 
1 mg/cm2 
E-Tek carbon 
3.3 Nation 117 Painted 
clotb 
1 mg/cm2 
E-Tek carbon 
4.4.1 Nafion 117 Sprayed 
cloth 
I mg/cm2 
E-Tek carbon 
4.6.1 Nation 117 Sprayed 
cloth 
1 mg/cm2 
E-Tek carbon 
4.8.1 Nation 115 Sprayed 
c10tb 
1 mg/cm2 
E-Tek carbon 
5.5 (oxygen) Nation 117 Sprayed 
cloth 
Gore-Select 
0.35 mg/cm2 
E-Tek carbon 
5.5 (air) -
5000 c10tb 
Gore-Select 
0.35 mg/cm2 
Gore-Select 
7 -
6000 Carbel CL 
Table B-1 Summary of MEA's used throughout thesis 
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C Across the flow channel equivalent resistance model 
The equivalent circuit model to predict the current spreading due to the gas diffusion 
layer was produced using 'CircuitMaker' by MicroCode Engineering. The circuit 
shown in Figure C-I was programmed into the software using resistivities for the 
different components of:-
Papyex gas manifold plate resistance - across plate-
through plate-
Grafoil gas flow-field plate resistance - across plate 
through plate 
Contact resistance (Grafoil- carbon cloth) -
O.OOIO.cm 
0.050.cm 
O.OOIO.cm 
0.050.cm 
0.0007500.cm2 
Carbon cloth resistance (Gore-Select Carbel CL) - across plane 0.007380.cm 
- through plane 0.223 O.cm 
Contact resistance (carbon cloth - Stainless Steel 316L) -
Measurement section resistance -
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0.00785 O.cm2 
0.4230.cm2 
0 
, 
, Gas FlowChan nel 
d1: :l 
.., ~ .......... ..... .. 
~: 0 U 
l ... .... 
Figure Col Circuit for across the flow channel current spreading predictions 
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.... . .... .. ....... ........... 
Papyex gas manifold plate resistance I 
I 
Grafoil gas flow-field plate resistance 
I-carbon cloth) 
Carbon cloth resistance (Gore-Select Carbel CL) 
Conducting track resistance 
Carbon cloth resistance (Gore-Select Carbel CL) 
Contact resistance (carbon cloth - Stainless SteeI316L) 
...... ... .. . 
Measurement section resistance 
... .. •.... . ........... 
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